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ABSTRACT 


The significant accomplishments of investigations conducted over 
the past three years are summarized. Topics covered include: the 

metallurgy and magnetic properties of the rare earth-cobalt-iron alloys 

1 n 

R 0 (Co. Fe ),„withR = Y, Ce, Pr, Nd, Sm and MM (Ce-rich misch- 

2 d-x x 17 

metal); the rare earth-cobalt binary phase diagrams Ce-Co, Pr-Co and 
Nd-Co; the sintering and magnetic properties of the mixed rare earth- 
cobalt alloys R ,Pr Co , R = Sm, Didymium and R Nd Co , R = Pr, 

1" X X 5 1 ■ X X 3 

Sm, Didymium. 

The results of both room temperature and liquid nitrogen tem¬ 
perature saturation magnetization and anisotropy measurements made 
using an oscillating specimen magnetometer are reported for single 
crystals of the compositions Pr (Co Fe ) , x = 0. 2, 0.3, 0. 4 and 

M I “ X X 1 I 

Y (Co Fe ) , x = 0. 1, 0. 2, 0.4, 0.5. All compositions exhibit easy- 

b 1 “ X X 1 I 

axis anisotropy at both temperatures except Pr (Co Q Fe ) which on 

m U# o Ui l 17 

cooling transforms to easy-plane anisotropy at approximately 140 K. 
Values for the anisotropy constants, K and K_, and the calculated 

X M 

anisotropy field, H , are also given. 

First quadrant magnetization curves obtained with powder speci¬ 
mens and with the aid of an oscillating-specimen magnetometer are 
presented for the R_(Co Fe ) _ alloys, R = Y, Ce, Pr, Sm. The 

m 1 — X X X f 

qualitative and quantitative aspects of the magnetocrystalline anisotropy 
of these alloys is discussed in detail. As in the RCo^ alloys, 

Sm (Co Fe ) _ alloys exhibit the greatest anisotropy. 

£ X — X X X f 

A review of the published binary rare earth-cobalt alloy systems 
is presented. Systems discussed include Y-Co, La-Co, Ce-Co, Pr-Co, 
Nd-Co and Sm-Co. 
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SECTION I 


SUMMARY OF WORK DONE 

during entire contract period 

A. REVIEW OF THE PROGRAM OBJECTIVES 

The overall objective of this program, conducted under ARPA 
sponsorship over a period of three years, was to generate information on 
the properties of selected rare earth-transition metal phases and thereby 
support and complement concurrent efforts by other contractors to develop 
technologically useful permanent magnets. During this period, commer¬ 
cial magnet development, stimulated by earlier work done at the Air Force 
Materials Laboratory and the University of Dayton by the principal inves¬ 
tigators, concentrated on compounds of the composition RCOj, where R is 
one of the "light" rare earth elements, notably samarium. 

We suggested at the start of this program that some of the com¬ 
pounds R 2 Co 1? of the same light rare earths. Ce, Pr, Nd, Sm, and Y, 
or the mixed intermetallic phases R^Co^Fe^ 1? , should have a combi¬ 
nation of basic properties which could make them superior even to SmCo. 
for use in permanent magnets. One main task was therefore to prepare ' 
a large number of such 2:17 alloys and to study those metallurgical, 
magnetic and crystallographic properties which have a bearing on their 
potential utility as hard-magnetic materials. 


While SmCo 5 -based magnets were well on their way toward com¬ 
mercial production when this research program began, and while copper- 
substituted SmCo 5 and CeCo,. had been shown to possess desirable hard- 
magnetic properties, the technological development of magnets based on 
other RCo 5 compounds had run into considerable practical difficulties. 

We selected two problem areas related to the use of rare earth metals 
other titan samarium in RCOj magnet alloys for study under this contract. 


1 



The rare earth neodymium is considerably more abundant and 
potentially less expensive than samarium. NdCo^ has the highest satura¬ 
tion magnetization in the RCo^. series and its Curie ooint is favorably high, 
but the magnetic crystal anisotropy is low and the temperature dependence 
of its coercivity unfavorable, thus pure NdCo^ is unsuitable for magnet 
fabrication. These practical questions then arose: 1) Can minor metal¬ 
lurgical modifications of NdCo,. make it useful for magnets? 2) In what 

quantity may Nd be present along with other rare earths in a Nd R Co 

1-x x 5 

alloy before its undesirable traits interfere too severely? 3) Can the 
presence of small quantities of Nd bring advantages in addition to the cost 
reduction? With these ultimate objectives in mind, we studied metallur¬ 
gical, crystal and magnetic properties of several quasi-binary systems 
Ndj ^R^COj.. We also conducted liquid-phase sintering experiments with 
NdCo^. and (Didymium) Co^ to test promising consequences of a hypothesis 
about the origin of coercivity in sintered magnets. 

All work on the properties of rare earth-transition metal phases 
presupposes a fairly detailed metallurgical knowledge, such as, the way 
they form from the melt, their crystal structure, the relations between 
phases, the extent of their solubility in each other, etc. Since such know¬ 
ledge of the phase diagrams was still quite incomplete three years ago, 
we also undertook extensive investigations of the phase relations in 
several important R-Co binary alloy systems as well as the quasi-binary 
systems mentioned above. 

The last area of concern wao the stability of the CaZn^-type struc¬ 
ture of the RCOj. phases of proven interest for permanent magnet applica¬ 
tion. We had initially planned to study the extent to which Co may be 
replaced by Fe or Mn (elements which enhance the saturation but are 
known to make the structure unstable), and which additional alloying 
elements might help stabilize the substituted phases. However, we soon 
became aware of serious efforts with the same objective at several other 
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institutions, and more basic questions arose concerning the thermal 

stability of binary RCo compounds and of the R_(Co, Fe)phases. We, 

3 2 17 

therefore, redirected our stability studies at these latter problems. 

In the following sections of this report, I-B, C and D, we sum¬ 
marize the important results of the work conducted during the entire 
contract period, with reference to previous reports where details were 
presented. This is supplemented with a list of journal or conference 
publications which have resulted from this effort (Section I-E). The work 
of the last six months and some previously unreported older results are 
described in detail in Section II. 

B. R 2 (Co,Fe) 1? PHASES 

1* Alloy Preparation, Metallurgical 
and Crystallographic Studies 

Six quasi-binary alloy systems, R (Co, Fe ) were 

2 1-x x 17 

investigated. The rare earth metals used were R = Ce, Pr, Nd, Sm, the 
rare earth-like element Y, and cerium-rich mischmetal (MM), the least 
expensive commercial mixed rare earth product. In each of these systems, 
between 10 and 30 alloys were prepared, initially covering the entire com¬ 
position range from x = 0 to 1 in ^2^°l-x^ e x^ 17 * n * en a PP rox i ma tely 
equidistant steps, and later interpolating and duplicating as required. 

Difficulties were incurred with crucible corrosion, ^ loss 
of rare earth by vaporization (2) and gross segregation^' 2) in some alloys. 
These problems were studied and in most cases overcome. Procedures 
for the preparation of single-phase samples were developed, and well- 
defined materials were made available for the various physical property 
measurements. 

Differential thermal analysis (DTA) was performed on all 
alloys and yielded information on the melting behavior (Y alloys congruent, 
all others peritectic), values for liquidus and peritectic temperatures. 
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polymorphic and magnetic transformations, and in the system R = Ce 

( 2 ) 

evidence of a liquid miscibility gap. Thermomagnetic analysis (TMA) 

revealed that many of the Fe-rich alloys, x^ 0. 5, were metastable at 

(3) 

room temperature. The nature of this instability was further studied 

by X-ray diffraction (XRD) and electron microprobe analysis using 

(4) 

Ce^Co^ 5 Fe Q $) as the typical alloy. The 2:17 phase was observed 
to undergo a eutectoid decomposition resulting in a R^(Co, Fe)^ phase and 
(Co, Fe) phase at temperatures below about 750°C. This behavior, which 
appears to be typical of many R^(Co, Fe) ^ alloys, results in difficulties 
in the preparation of single-phase ingots, and it could interfere with 
intended technological uses. 

The room temperature crystal lattice parameters of the 

( 2 ) 

R_(Co Fe ) phases were measured by XRD across all alloy systems. ' 
In every system, a strongly nonlinear expansion of the c-parameter with 
increasing Fe content was observed: the maximum occurring between 
x - 0. 7 to 0.8. We interpret this as being due to the strongly antiferro¬ 
magnetic exchange interaction of Fe atoms introduced in the "dumbbell" 
positions (6c positions) of the 2:17 structure with their transition-metal 
neighbors. In turn, this magnetically-caused lattice distortion appears to 
be the reason for the low-temperature decomposition of these compounds, 
whose crystal structure otherwise seems to be primarily sire stabilized. 


Successful attempts were made to prepare single crystals 
large enough for magnetic crystal anisotropy measurements with an 
oscillating-specimen magnetometer. A crystal weight of —'10 mg is 
sufficient for this purpose. Arc melted and homogenized ingots were 
annealed just below their peritectic temperatures for periods of several 
weeks to induce grain growth. They were then crushed, the fragments 
inspected with the aid of microscopy and XRD, and grains identified as 
single crystals were mechanically spheroidized and chemically etched. 


Fourteen crystals of eight compositions in the systems Y^Co, Fe)^, 
Pr 2 (C°, Fe) and MM^Co, Fe) ^ were initially obtained, but some of 
them did not survive the spheroidization process. 
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Magnetic Property Measurements 


Magnetic studies concentrated on those basic properties 
which can be used as criteria in determining if a new substance may have 
utility as a permanent magnet material. These are the Curie tempera¬ 
ture, the saturation magnetization, and the room temperature magneto- 
crystalline anisotropy. 


The Curie temperatures of stable and metastable R^Co, Fe) l7 
phases were measured by DTA (2) and TMA. (3 ’ 4) They were found to drop 
monotonically from the high values of the iron-free R Co compounds 

O O £ x ( 

(800 to 930 C) to the very low ones of the pure R Fe (-180° to +130°C). 

Cd I / 

From a practical point of view, it is very important that small additions 

of Fe leave the Curie point virtually unchanged and that T remains above 
o c 

~600 C for up to 50% substitutions of Fe for Co in all systems studied. 


Magnetometric saturation magnetization measurements on 

(4) 

oriented powders revealed that in all alloy systems the room tempera¬ 
ture saturation has a pronounced maximum in the compositional range, 
x = 0. 5 to 0. 7. This is analogous to the behavior of binary Co-Fe alloys. 
The measured peak values of the intrinsic induction range from about 
4 T M s = 14 kG for Ce 2 (Co 0> 4 Fe Q . 6 > to 16. 5 kG for Pr.,(Co 0 ^ 6 > 


(5) 


The first step in evaluating the magnetocrystalline 
anisotropy was to determine those alloy compositions for which the 
crystallographic c-axis is the direction of easy magnetization; these are 
of greatest interest for permanent magnets. This was done by preparing 


powder samples consisting largely of single crystal particles, orienting 
them with the aid of a magnetic field, fixing their position with a binder, 
and then identifying by XRD the crystal axis which aligned parallel to the 
field. Thus we found composition regions in the Co-rich half of each 
system, except for R = Nd, in which easy c-axis anisotropy exists (3) 


5 




Quantitative estimates of the anisotropy fields and uni¬ 
axial anisotropy constants were obtained for the easy-axis compositions 
Magnetically oriented powder samples were prepared as above, but in 
a different shape and size, and magnetization curves were obtained both 
parallel and perpendicular to the easy direction of magnetization. The 
shape of the hard-axis M vers is H curve and the area between curves, 
were used to obtain anisotropy data. Results for the Sm, Pr and MM 
systems were previously presented ( 3 ' 4) and additional data can be found 
in Section II of this report. Very high anisotropy field values, 

H a * 108 kOe, were found for the Sm alloys, while those for the other 
investigated alloy systems were much lower--up to 30 kOe for Pr alloys 
and < 10 lcOe for the other systems. This means in practical terms that 
Co rich Sm^Co, Fe) ^ phases show the highest promise for permanent- 
magnet application; some Pr alloys may be of interest, but alloys based 
on the rare earth metals Ce, Nd, Y or MM do not merit consideration 
for magnet development efforts at this time. 

Magnetometer measurements were also made recently on 
some of the single crystals of Pr^Co.Fe)^ and Y 2 (Co,Fe) 1? phases 
which became available. These were performed at room temperature 
and down to 77°K. Some data were reported before, (6) and more results 
can be found in Section II of this report. The single-crystal measure¬ 
ments yielded improved room-temperature values for the first- and 
second-order anisotropy constants and for the saturation magnetization 
as well as information about the temperature dependence of these pro¬ 
perties. One of the compositions, Pr^Co^ Q Fe Q ^ ^ shows a transi¬ 
tion on cooling from easy-axis anisotropy to easy-plane behavior at 
~140 K and a step anomaly in the hard-axis magnetization curve 
measured below this transition temperature. 
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3. 


Potential Application of R ., (Co, Fe) Phases 
for Permanent Magnets 

Perhaps the most important, and certainly the most 
exciting, result of the efforts under this contract was the realization 
that some of the R^(Co, Fe) phases old out the promise of being 
excellent permanent magnet materials. ^ Particularly, the cobalt-rich 

^ m 2^°l-x^ 6 x^ 17 P^ ases x <[ 0.4 meet the three necessary condi¬ 

tions quite well. They have high saturation, high Curie temperature, 
and a pronounced magnetic anisotropy with a single easy-axis. 

Permanent magnets based on these phases of 2:17 stoi¬ 
chiometry could be superior to SmCo 5 in several ways. Even the iron- 
free R^Co com P° unds have higher saturation magnetization than the 
corresponding 1:5 phases and this advantage is magnified when iron is 
substituted for a part of the cobalt. ' ' This means that the useful 
remanent flux and the theoretically possible maximum energy product 
are substantially increased. The 2:17 phases contain approximately 
10 weight percent less rare earth than 1:5 compounds. This means that 
they are less susceptible to oxidation which is a problem with magnets 
based on RCo,_, and that 2:17-based magnets should therefore have 
better long-term stability at elevated temperatures. Another favorable 
consequence of the lower R-content is the reduced raw material cost, 
particularly for the alloys using the expensive metal samarium as the 
sole or principal rare-earth constituent. Partial iron substitution 
brings an additional economic advantage, since Fe is much less expensive 

than Co. A corresponding advantage is not possible for SmCo in which 

5 

iron has a very low solubility. 

Assuming that the energy product is limited by the 
saturation magnetization only, one may consider the theoretical upper 
limit for the static energy product about 64 MGOe for Sm^Co, Fe) 

68 MGOe for Pr^lCo, Fe) ^ alloys. Considering, however, that a 











realistic chance of obtaining a sufficiently high coercive force seems to 
exist only for the highest-anisotropy compositions in each of these systems, 
and also considering the previously discussed metallurgical stability prob¬ 
lems of high-iron alloys, we must probably restrict our view to the Fe- 
content range of x< 0.3. The energy-product potential is then reduced 
to approximately 50 MGOe for Sm 2 (C 0() ? Fe 0 3 ) and 55 MCOe for 

Pr 2 (C °0. 7 Fe 0. 3^ 17 about double that for SmCo 5 or 1-1/2 times that for 
PrCo . 

D 

4. Recommendations for F uture Work 

The work done to date with the R (Co, Fe) phases has 

^ If 

defined promising candidate materials for the development of improved 
rare earth permanent magnets. It has also revealed a number of obstacles 
which must be overcome before such magnets can be made and has iden¬ 
tified several research problems which must be solved both in support of 
magnet development work and in leading to important insights into the 
magnetic behavior of materials. 

Working toward the practical goal of making improved mag¬ 
nets possible, the main objective now must be to develop a sufficiently high 
coercive force, 6-10 kOe, in bodies which are made predominantly of 
Sm 2 (Co, Fe) 17 , or Pr 2 (C-o, Fe) 1? , or perhaps a modification thereof con¬ 
taining a mixture of rare earths. With RCo 5 alloys, high coercivity can 
be achieved in three principal ways: 1) By finely subdividing the alloy, 
e. g. , by mechanical grinding or precipitation in a nonmagnetic matrix; 

2) by sintering powder compacts with an addition of a rare earth-rich 
phase (especially with a samarium excess); and 3) by alloying it with a 
third element, typically copper, which is capable of producing a fine¬ 
grained, nonmagnetic precipitate in the RCo_ matrix. 

5 

Attempts should be made to apply all three of these tech¬ 
niques to the 2:17 phases. Grinding alone has so far resulted in powders 
with coercive forces too low for permanent magnets. This is similar to 
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the early experiences with RCo 5 alloys other than SmCo^ For these 
RC°g phases, chemical and metalluigical surface treatments of the par¬ 
ticles have been found which raise the coercivity to useful levels. These 
surface-etching, polishing and coating techniques should be systematically 
tried on, and adapted to, the 2:17 phases. 

Liquid-phase sintering with the addition of a Sm-rich Sm-Co 

phase is the preferred commercial manufacturing process for RCo -based 

5 

magnets. It also may well be the most promising approach to the prepara¬ 
tion of 2:17 magnets, but early attempts by us and by others have not been 
encouraging. Since the physical origin of coercivity in sintered R-Co 
magnets is not yet understood and at present the subject of considerable 
controversy, a systematic study of the magnetization reversal process in 
such sintered bodies and its relationship to the microstructure appears to 
be an urgent need. 

A first successful attempt to obtain high coercive force 
through the addition of copper and subsequent appropriate precipitation 
heat treatment has been reported by other scientists. ^ They achieved 
M H c = 6 * 1 k ° e ard (BH ) max = 18 - 3 MGOe with an alloy of the composition 

Sm 0. 7 Ce 0. 3 (Co 0. 8 Fe 0. 05 Cu 0. 15^7 which lies in the range of total rare 
earth-to-total transition metal ratio between the 1:5 and 2:17, This is a 

very encouraging result, and similar approaches to the bulk hardening of 

^ 2 ^°' Fe )i 7 allo Y s should be systematically explored. 

Mure basic tasks which relate to the practical objective of 
making outstanding magnets can be formulated in the physics of magnetism 
and the physical metallurgy areas. 

The magnetocrystalline anisotropy remains the key basic 
property, but its origin and the factors controlling it are still only very 
poorly understood. Therefore, much theoretical work remains to be done 
in this field, and as a prerequisite for it, reliable systematic experi¬ 
mental studies of the crystal anisotropy and its temperature and 
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composition dependence must be done. In addition to the ternary 
R 2 (Co, Fe) 1? phases, it will be necessary to study modifications containing 
a second rare earth or another transition element, both magnetic and non¬ 
magnetic, to shed light f. n the roles which the individual ions and their 
positions in the crystal lattice play in the magnetic exchange interactions 
and the crystal anisotropy. A step closer to the practical magnet problems 
is the need to better understand the various physical causes of coercivity 
and to correlate them to anisotropy and other physical properties. While 
we emphasize here the importance of such studies for the R (Co.Fe) 
alloys, they must indeed encompass all magnetic rare earth-transiting 

metal compositions which may be present in sintered or cast permanent 
magnets. 

Important physical metallurgy problems to be studied include 
the eutectoid decomposition of the R.fCo^Fe^ ^ phases observed for 
certain ranges of x, the factors causing this instability, and possible 
measures of suppressing it. The extent of the homogeneity regions of 
these phases with respect to the rare earth-to-transition metal ratio is of 
great practical importance especially with respect to the effects which 

deviations from the 2:17 stoichiometric ratio have on the magnetic pro¬ 
perties of these materials. 


C. BINARY RARE EARTH-COBALT PHASE DIAGRAMS 
1* Introduction 

Early investigations of the magnetic properties of PrCo 
magnets sintered with Pr-rich Pr-Co alloys showed the coercivities and 
energy products to be very sensitive to the sintering temperature. (8) In 
addition, critical sintering temperatures were observed to correlate 
closely with thermal events observed in the Pr-Co phase diagram. In view 
of the importance of reliable phase diagrams, not only for determining 
methods for alloy preparation and heat treatment, but also as guides to 
understanding and controlling the magnetic behavior of the rare earth-cobalt 
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alloys, the partial phase diagrams Ce-Co, Pr-Co, and Nd-Co reported 

earlier by Ray and Hotter™ were revised and completed. In light of these 

investigations, the La-Co phase diagram was also revised from existing 
data. 


Summary of Results 

Studies of the four phase diagrams listed above resulted in 
the identification of previously unreported phases, more complete char¬ 
acterization of some of the less well understood phases and a more 
accurate definition of the phase boundaries in the systems. 

The most significant discovery was the identification of the 
rare earth-cobalt compounds of compositions RjCo^, located at 
79. 2 at. % Co. This phase was definitely established in the Pr, Nd and 
Ce systems and data strongly suggests its presence in the La system 
These compounds exhibit both rhombohedral and hexagonal polymorphs 
with the rhombohedral modification, R3m, strongly dominant. 

The identification of the RjCo^ compounds, their compo¬ 
sition lying immediately to the rare earth-rich side of the RCo phase 
field, indicates that these intermetallic phases may play a significant role 
m the achievement of high coercive forces in RCo^based permanent 
magnets. This may be especially true in the magnet fabrication methods 
involving liquid phase sintering processes with overall magnet composi¬ 
tions rare earth-rich with respect to RCo,. stoichiometry. 

Earlier data for the Nd-Co system 191 indicated a Nd Co 

phase located at approximately 30 at. % Co. An isostructural phase Jthe 

Pr-Co system, Pr^. was also identified. Both compounds were found 

to melt mcongruently and from X-ray diffraction data were found not to be 

isostructural with Sm,C„ 4 as would be suspected from their compositions 

Quantitative electron microprobe analysis showed the Pr Co alloys to 

contain 2,. 09 * 0. 31 at. % Co and the Nd^Co alloy to contai^ 28. ,6 ± 0. 22 
at. % Co. y 
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A new phase containing 45. 9 at. % Co was identified in the 
Nd-Co, Pr-Co, and La-Co systems. The crystal structure for these 
compounds, R^Co^, was determined to be hexagonal. Lattice para¬ 
meters were measured^ ^ but no refinement of atomic positions was 
attempted. All three compounds were ooserved to melt incongruently. 

In the Nd-Co system, the intermetallic compound Nd^Co^ 

was identified and X-ray diffraction showed this compound to be iso- 

structural with La„Co . 

2 3 


3 . 


Recommendations for Future Work 


Results of our current investigations into rare earth-cobalt 
phase stability suggest two specific areas for future investigations. One 
area to be studied is a review of the phase stability of the two technologi¬ 
cally significant rare earth-cobalt alloy systems, Sm-Co and Y-Co. The 
second area for future study is the technological importance of the recently 
reported R^Co^ phases with special attention to be given to the role these 
phases play in obtaining high coercive force permanent magnets. 

Several factors indicate the necessity of a review of the 
phase equilibrium in the Sm-Co system and in the Y-Co system. In the 
course of our investigations of the R^o^ intermetallics, we have observed 
Sm^t °^7 to me t peritectically at 1310 C rather than congruently at 1335°C 
or 1375°C as reported by others. (1 lf 12) Additionally, we have observed 
the peritectic isotherms for the more Sm-rich compounds to differ signi¬ 
ficantly with those reported earlier. An examination of XRD and DTA 
data for certom Sm-Co compositions strongly suggests the existence of a 


^ m 5^°19 P^ ase isostructural with the previously reported Pr Co 
-- ■- (13) 5 


19* 


Finally, recent reports have suggested that SmCo 5 and indeed all RCo 
pnases are unstable at low temperatures, decomposing by eutectoidal 
reaction. Although our results do not support this view, the magnitude of 
the technological impact of such a reaction requires a definitive investi¬ 
gation of the report. 
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Fast investigaHcns of the Y-Co phase diagrams have 
differed greatly. • • In the course of our studies, we have had the 

opportunity to work with both "high purity yttrium" (2000 ppm oxygen) and 
very pure yttrium « 250 pp m oxygen). Results of heat treating of identical 
alloy compositions, YCo y made from these different purity level yttrium 
lots indicates 2000 ppm yttrium to be much too impure to be considered 
for use in phase diagram study. From these studies we also have con¬ 
cluded that the currently reported diagrams most likely represent various 
cuts through the Y-Co-O ternary system. A thorough understanding of 
both methods for the prevention of oxygen contamination of Y-Co alloys 
and the true Y-Co phase equilibrium will be required for successful pro- 
duct ion of high energy permanent YCo 5 magnets. 

Past experience has shown that successful manufacture of 
RCo 5 -based permanent magnets always requires an overall magnet com- 

position which is rare earth-rich relative tr, et ■ v 

native to RCo 5 stoichiometry. Although 

it is recognized that excess rare earth is required to compensate for the 

oxygen content of the alloy, calculations show that it is common to add 

more rare earth than that required to compensate the oxide content. 

The recent identification of the R^o^ phases in the Pr. Nd, and Ce 

systems and the strong indication of its existence in the Sm-Co systems 

indicates that these new phases may play an important role in attaining 

high coercive forces ir. RCtyba.ed permanent magnets. A thorough 

characterization of the magnetic properties of these phases is thus an 

important area for future investigation. 

D. RCo 5 PHASES 

1. ( Nd i ^ x R x LCo 5 Alloys 

Of the light rare earth-cobalt intermetallic compounds of 
the type RCo,.. only SmCo 5 has enjoyed substantial success as a perma 
nen, magnet material. NdCo... although attractive due to its high satura- 

“° n and CUHe relative abundance of neodymium, has 

been found unacceptable as a permanent magnet material due to its very 
low intrinsic coercive force. 
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Earlier studies of PrCj^ alloys at the University of Dayton, 
showed that through liquid phase sintering, utilizing a magnetically hard 
sintering aid, Sm-Co, a significant increase in intrinsic coercivity could 
be attained. It was also thought that a similar increase might be possible 
in NdCo^-based magnets using either Pr-Co or Sm-Co sintering aids. 

(2 4) 

Preliminary investigations' ’ ; were made using a Pr-Co 
alloy sintering aid, 70 w/o Pr-30 w/o Co, in sintering studies of both 
NdCo^ and DiCo,. {Didymium metal: 70-75% Nd, 17- 19% Pr, 0. 3-0. 5% Ce, 
8-12% other rare earths). Magnets were prepared by blending powders of 
the base alloys with the sintering aids using 20, 30, 40 and 50 w/o sintering 
aid. The mixed powders were pressed into bricks and sintered 30 minutes 
at 1140°C. 

Magnetic measurements made on the sintered magnets 

revealed a substantial increase in the intrinsic coercivity of both the 

NdCo^-based and DiCo^-based magnet compositions. In the unsintered 

states, H for all samples was less than 200 Oe and in the sintered state. 
Me 

m H c was as high as 4000 Oe in the case of the 40 w/o sintering aid addi¬ 
tions. These values were similar in both the NdCo and DiCo 

5 5 

compositions. 

The effect of sintering temperature on the intrinsic coercivity 
was also investigated using a 80 w/o DiCo 5 20 w/o sintering aid composi¬ 
tion. Results were similar to those reported for PrCo c and SmCo by 

(18) 5 5 
Westendorp, ' that is, a decrease in x up to s 1120°C ( H = 400 Oe) 

M c M c ~ ' 

followed by a sharp rise to the maximum , ,H at 1150 C ( H s 4000 Oe) 

Me M c ~ ’ 

Sintering times during this phase of the study were 30 minutes. 


A second series of compositions using a 60 w/o Sm - 
40 w/o Co sintering aid with a DiCo,_-base alloy were also investigated. 
Additions of 10 w/o to 40 w/o sintering aid were studied sintering at 1160°C 
for 30 minutes. Again, the coercive force was observed to increase from 
M H c = 200 06 in the unsintered state to = 5140 Oe in the case of the 
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the 25 w/o sintering aid composition. The effect of sintering temperature, 

investigated using a 22. 5 w/o sintering aid composition, showed the highest 

coercive force was developed at 1040 C (. ,H = 7700 Oe). Other maxima 

M c 

were observed in this study at 1100°C and 1140 C. The significance of 
these secondary maxima is not currently understood. 

The eAect of sintering time on the coercivity of DiCo^-based 

magnets was investigated using the Sm-Co sintering aid with additions of 

17. 5 w/o and 22. 5 w/o. Sintering was carried out at 1040°C. A broad 

maximum was observed around 60 minutes in the 22. 5 w/o addition specimen 

( H = 8000 Oe). A sharp maximum was observed at the same sintering 
M c 

time for the 17. 5 w/o composition ( K = 10, 280 Oe). 

M c 

In conclusion, it has been demonstrated that a substantial 
increase in NdCo -based and PrCo -based alloys may be produced through 
liquid phase sintering procedures using a magnetically hard sintering aid. 

Dr. Strnat has suggested that the increase in intrinsic coercivity produced 
by these procedures may result from the pinning of domain walls in a mag¬ 
netically hard second phase or " shell, " which is contiguous with the RCo^ 
primary phase. Further experiments, definitive rather than empirical in 
nature, should be performed in order to clearly elucidate the role of the 
sintering aid in producing the increase in the intrinsic coercivity of the 
light rare earth-cobalt, RCo^ alloys. 

2. Stability of RCo ,. Phases 

Recent investigations have reported that the rare earth- 

cobalt intermetallic phases, RCo , with the CaZn -type structure are 

^ (1 3) ^ 

stable only over a limited temperature range. For the light rare 

earth RCo phases, this stability range was reported to be from a lower 
limit of 600 to 700 C to an upper limit defined by the peritectic melting 
temperature of the particular composition. The practical implications of 
these reports are significant if the RCo,. materials currently being used 
in high energy permanent magnet production are indeed only metastable 
at normal ambient temperatures. 
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In order to gain some understanding of the reported decom¬ 
position behavior of the light rare earth RCo^ alloys, two studies were 
conducted using CeCo^, PrCo^ and NdCo^.,^ Using single phase alloys, 
specimens were heat treated at 500°C for 80 hours in a differential thermal 
analyzer and following heat treatment were thermally analyzed anticipating 

an endothermic reaction corresponding to the reformation of the RCo phases 

( 13 ) 

from its decomposition products. According to Buschow, 80 hours 
at 500 C should be sufficient to at least initiate decomposition. Results of 
the subsequent thermal analyses showed no indication of the anticipated 
reformation endotherm nor any other anomalous events in the temperature 
range anticipated for the reformation reactions. 

A second study of the same alloys was conducted on alloys 
° 

heat treated at 500 C for 420 hours. Following detailed metallographic 
examination and X-ray diffraction analyses, no discernible alteration of 
the initial alloys could be observed. For the heat treated CeCo^ alloy, an 
extensive thermomagnetic analysis (TMA) program was initiated. A 
series of 17 TMA examinations were conducted on a single Cr^o^ specimen 
at temperatures from room temperature to -190°C and from room tem¬ 
perature to temperature both above and below the reformation temperature 
reported by Buschow. At no time in the course of this investigation was 
any evidence (magnetic transition) found for the existence of the anticipated 
decomposition products Ce^o^ and Ce^o^, nor for Ce 2 Co ? as reported 
by Buschow. Observations of the Curie temperature for CeCo did 
however present a rather unexpected and curious behavior. The first 
observation was the rather considerable thermal hysteresis in the Curie 
temperature p-peak for CeCo^ With one exception, the p-peak observed 
on cooling was observed to occur as much as 63°C and as little as 34°C 
below the p-peak observed on heating. The second observation was the 
rather wide temperature range over which the p-peaks were observed. 

On heating cycles, the mean temperature corresponding to T was 370°C 

o ^ 

with a temperature range of ± 30 C. On cooling, the mean T was 334°C 

c 
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with an identical temperature range, ± 30°. To date, no satisfactory 

explanation has been presented for the behavior of the CeCo Curie tem- 

5 

perature as observed in the course of this investigation. 

In conclusion, all of our findings to date appear to support 
room temperature stability of CeCo c , NdCo_ and PrCo c . No evidence of 
a eutectoidal decomposition in these alloys was observed at anytime. 

3* Recommendations for Further Work 

From the results obtained in the course of our investigations 

of the binary alloy system (Nd^R^ Co 5 , a distinct area of important 

investigation is evident. In the case of the reported increase in intrinsic 

coercivity in NdCo 5 produced through utilization of a magnetically hard 

sintering aid, a definitive investigation, that is, one in which not only the 

magnetic properties of the sintered magnet are determined, but one in 

which a total characterization--magnetic, crystallographic, and micro- 

structural- - should be performed on both starting materials and sintered 

magnets. With such an investigation, it would be possible to both evaluate 

the validity of the !l epitaxial shell" model for controlling coercive force 

and quite possibly identify methods for producing good permanent magnet 

materials from rare earth-cobalt alloys other than SmCo . 

5 
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SECTION II 


RESULTS OF FINAL SIX MONTHS OF CONTRACT 

A ' measurements on single crystals in 

Y 2 (C °I-x Fe x ) 17 AND Pr 2 (Co i-x Fe x )l7 SYSTEM S* 

Single crystals of the compositions Y (Co Fe ) , x = 0 1 C 2 

o. 4, 0. 5, and P^Co^Fe^, x - 0. 2. 0. 3, 0. 4 w e * r e grown by long 
term annealing of single phase alloy specimens. Procedures for the 
preparation and selection of these crystals was described earlier. {5) 
Room temperature measurements of saturation magnetization, anisotropy 
field, and the computed values for the first and second anisotropy con¬ 
stants have also been reported. Work during the final period centered 
on magnetic measurements at liquid nitrogen temperatures and studies 
of the effect of temperature on saturation magnetization. Results of both 
room temperature and liquid nitrogen temperature magnetic property 
measurements are shown in Table I. 

The maximum values for anisotropy fields at room temperature, 

calculated from the relationshio H ~ 7 (K a ^ ^ 

mp n A - + 2K 2 )/M g , were observed to 

correspond to the compositions g F. 0 _ ^ and Pr 2 <Co 0 , 

aximum theoretical static energy products, 4 a for these compo- 

sitions were 53. 6 MGOe and 66. 5 MGOe, respectively. 

The magnetization was observed to increase monotonically with 
decreasing temperature for all alloys except the composition 

Pr 2 (Co 0. 8 Fe 0. 2 1 17- Thi5 composition, although exhibiting easy c-axis 
magnetization at room temperature, was observed to change to easy 


-o Part of a thesis submitted as partial fulfil' nent of fh* • 
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basal plane magnetization at about 140°K. A discontinuous decrease in 
saturation magnetization was associated with this transition. 

A reproduction of the thesis from which the above data were taken 
is presented in Appendix I. 

B. THE CRYSTAL ANISOTROPY OF R^Co, Fe) PHASES 

1. Review of Work Done 

Results of crystal anisotropy measurements have been 
given in three previous reports and in the preceding section of this report. 
These measurements included work with oriented powders, v ' and single 
crystals. ^ ^ The initial measurements on powders indicated the alloy 
system Sm^(Co^ ^Fe^) mos ^ promising among those investi¬ 

gated for permanent magnet application. Because of this, a detailed data 
analysis was performed for the easy-axis portion of that system first and 

results have been published. ^^ For alloys of the type Pr (Co, Fe) 

Z 17 

and MM^ICo, Fe)^, a few selected pairs of magnetization curves for some 
compositions having easy c-axis magnetic symmetry were presented 
before, but without any data reduction except an estimate of the anisotropy 
field. (Only for one composition, MM (Co Fe ) were anisotropy 

(20) ^ 9 I V« J 1 I 

constants calculated.) As good single-phase samples became avail¬ 
able, aligned powder samples were prepared and pairs of magnetization 
curves were measured on them. These were the R (Co, Fe) systems 
where R = Ce, Pr, Sm, Y and MM (mischmetal). For the first four of 
these systems, complete sets of the curve pairs are presented, redrawn 
to uniform scale within each set, and systematically arranged to permit 
convenient comparison. 

Critique of the Experimental and Analytical Methods Used 

Sample preparation, the technique of measurement using an 
oscillating specimen magnetometer, and the methods employed in pro¬ 
cessing the measured data were discussed in a previous report. ^ 


20 


However, some additional comments concerning the interpretation of 
curve shapes, the accuracy of anisotropy constants deduced from them, 
and the general limitations of the methods of measurement and data 
reduction seem appropriate at this time. 

The intent in making samples of fine-grained powders 
aligned with the aid of a magnetic field is to simulate single crystal 
behavior circumventing the expense and time-consuming techniques 
involved in the preparation of many large single crystals. Since the pri- 
mary goal of our work was to identify candidate materials for fine- 
particle magnet development, it seemed quite adequate to employ experi¬ 
mental methods which allowed, first, a quick identification of those alloy 
compositions for which the crystallographic c-axis is the easy direction 
of magnetization (done by X-ray diffraction (2) ), and then an estimation of 
the magnitude of the principal, uniaxial anisotropy energy which can be 
taken as an indicator whether high coercive forces may be possible. The 
aligned-powder- sample method is quite adequate for this latter purpose. 
We measure two M versus H magnetization curves with the field parcel 
and perpendicular to the easy direction of magnetization. In the case of 
alloys with easy-axis symmetry that appear to have a large enough anisot¬ 
ropy to be of practical interest, we determine either (K 1 + K ^ from the 
area between these, or and separately, by analyzing the shape of 
the "perpendicular curve" by Sucksmith and Thompson's method. 

The results obtained by this method are quite sensitive to the crystallite 
alignment, and since the 37 pm particles in our powder specimens are 
certainly not all single crystals and also have irregular external shapes 
that interfere with their perfect alignment, one must expect considerable 
inaccuracies in K^. Although these errors are difficult to determine 
quantitatively, we have previously made an empirical attempt to assess 
the effects which the polycrystallinity of the specimen particles and poor 
particle alignment have on the curve shape, and to develop a correction 
procedure for the strong curvature of the low-field portion of the 


21 






hard-axis curve, the most obvious manifestation of poor alignment, which 
is attributed to wall-motion processes in the particles. (5) This graphic 
correction is done by extrapolating the medium-field portion of the curve 
(> 2 kOe) to H =0, shifting the origin of the M-scale up accordingly, and 
disregarding the strongly convex portion of the measured curve below 
aoout 2 kOe. It has been applied in the computation of all the anisotropy 
constant values reported during the course of this contract work. 

Another source of error is the presence of ill defined 
demagnetizing fields. The precise values of the demagnetization factors 
to be used in shearing the measured curves before the Sucksmith-Thompson 
analysis are not only unknown but definitely different for the two orienta¬ 
tions of the sample during measurement. (4) For the highly anisotropic 

Sm 2 (C °l-x Fe x ) 17 sam P les ^ the range 0 = x < 0.4, one could rightfully 
argue that the error made by neglecting demagnetizing fields was negli¬ 
gibly small. This is not the case for most of the samples on which we 
report here except perhaps for the "best" Pr 2 (Co,Fe) alloys. By 
neglecting the demagnetizing effects one tends to overestimate the anisot¬ 
ropy. We have therefore used the following correction procedure, which 
probably results in an overcompensation for the hard-axis demagnetizing 
field and, therefore, anisotropy-constant values lower than the true ones. 
From all the pairs of magnetization curves measured, we pick the one 
easy-axis and the one hard-axis curve which rise most steeply from zero 
field, i. e. , which have the highest initial susceptibility (curves 1 and 3' 
in Figure 1). Assuming these to have infinite true initial susceptibility, 
tangents are drawn at the origin and these are considered to be the zero- 
internal-field lines for the respective set of curves (line (a) for all easy- 
axis curves and line (b) for the hard-axis curves). All curves reproduced 
in this report are plotted with the applied field on the H axis, measured 
with a Hall probe, and the demagnetizing field lines are drawn in and 
marked (a) and (b). Estimated internal field values, H., may then be 
determined for a given magnetization level by taking the horizontal 
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is measured from the tangent (a) to the steepest curve (1) of the set. For all hard- 
axis curves (l 1 , 2' , 3'), the tangent (b) to the steepest curve of this set is used as 
the reference line H. 1 =0. 





distance between corresponding points on a magnetization curve and the 
appropriate demagnetizing-field line as is indicated in Figure 1. 

The Sucksmith-Thompson method as applied to field 
aligned powders is useful only when the crystal has a unique axis of easy 
magnetization. For easy-plane or easy-cone symmetry, the orienting 
field aligns the particles with one of their several easy directions and 
does not impose an orientation on the c-axis. The curve shape mea¬ 
sured with a field applied perpendicular, or at any angle, to the align¬ 
ment direction is then determined by a superposition of wall-motion and 
spin-rotation processes; basal-plane anisotropy constants are mixed in 
with the uniaxial constants and the mathematical complexity of the analysis 
becomes prohibitive. Thus, no attempt was made to deduce anisotropy 
constant or field values for any samples except those which the XRD 
showed to have easy c-axis symmetry. It is, nevertheless, instructive 
to take a qualitative look at the changes in the shapes of the curves and 
of the area between them, which still represents a kind of anisotropy 
energy, through the easy-axis, easy-cone, and easy-plane regions of 
composition for a given R 2 (Co 1 . x Fe x ) 17 quasi-binary system. The sets 
of curves shown in Figures 2 through 5 are arranged to allow such a 
comparison of trends. The cerium system is discussed in some detail, 
but the statements apply qualitatively to the other alloy systems as well. 

In summary, one can say that the aligned-powder mea¬ 
surements are good enough for the purpose of selecting some promising 
materials, and rejecting others, for permanent magnet development 
work. Values of anisotropy constants ana K £ computed from powder 
curves can be quite accurate if, but only if, a number of favorable cir¬ 
cumstances prevail simultaneously: the anisotropy must be single-easy- 
axis type and large; the powder must have a large fraction of single¬ 
crystal particles; its coercive force must be low. These conditions are, 
in part, conflicting and are seldom met very well. Even when they are 
met, no information about the anisotropy in the basal plane can be 
obtained from powder measurements. 
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Figure 4. Pairs of Magnetization Curves Measured on Oriented Powder Samples of Sm 2 ( Co i_ x Fe x ^ 17 Allo Y s 












Figure 5. Pairs of Magnetization Curves Measured on Oriented Powder 





















Work with reasonably large single crystals (a few tenths 
to a few millimeters in diameters) is, therefore, absolutely indispensable 
for an accurate and complete description of the crystal anisotropy as it 
is needed for a meaningful theoretical interpretation of the data. 

3. Magnetization Curve Pairs Measured 

on Oriented Powders 

Figure 2 is a composite picture showing pairs of mag¬ 
netization curves that were measured on magnetically oriented and epoxy- 
bonded powders of Ce^(Co^ ^Fe ) a ^°y s * They are arranged in order 
of increasing iron content, x. On top of each picture is noted the 
magnetic symmetry as determined earlier by X-ray diffraction. (EBP = 
easy basal plane; EA = easy c-axis). The easy- and hard-axis curves for 
Ce^C 0 !? are relatively close together; the anisotropy is small. The 
X-ray study indicated EBP symmetry, but the shape of the magnetization 

curves (low initial susceptibility for both curves) suggests that Ce Co 

2 IT 

may in fact have an easy cone (EC). As iron is added, EA anisotropy 
develops. It has its maximum near x = 0. 2, with an anisotropy field of 
about ] 6 to 20 kOe, and then declines again. Near x = 0. 5 there is an 
anisotropy minimum. X- ray results indicated a flip from EA to EBP 
symmetry at x =0. 5, but again, there may in fact be a transition region 
of easy-cone symmetry in which the cone angle opens up rapidly with 
increasing x. This would be difficult to detect with the simple X-ray 
texture technique employed in the early phases of this study. In the EBP 
composition range, we then see again an increase in the magnitude of the 
anisotropy, a maximum near x = 0. 8, followed by a rapid decline. The 
terminal compound, Ce^Fe^, which is already paramagnetic at room 
temperatu.' 0 is almost isotropic. 

The results for the other systems are qualitatively 

®Irnilcir and the interpretation is quite analogous to that given above. 

The Sm-system (Figure 4) is, of course, unique among the systems 

investigated in that even the terminal compound Sm Co already has 

2 IT 
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easy-axis symmetry, and it is also distinguished by the much larger 
magnitude of the anisotropy. Another noteworthy fact is that Pr Fe 
and. particularly, Y^e^ still show substantial EBP anisotropy^although 
they are paramagnetic. These compounds arc. however, much closer 
to their respective Curie temperature at room temperature than Ce Fe 

is. The Curie points are - 180°C for Ce Fe 10°C for Pr,Fe and ^ 

- 29. 5°C for Y Fe . (22 > 17 2 17 

2 17 

Finally, all four sets of curves reproduced here illustrate 
the composition dependence of the saturation magnetization previously 


reported. With increasing x, the technical saturation at room tern- 

j _ . 


-- * 

perature rises to a maximum at iron contents between x = 0 . 4 and 0 . 7 
and then decreases rapidly toward the Fe- side of the system, a conse¬ 
quence of the precipitous drop of the Curie point. 


C. 


review of the binary rare earth-cobalt 

PHASE DIAGRAMS COBALT 


A paper entitled "Revised Phase Diagrams for the Cerium- 

Cobalt, Praseodymium-Cobalt, and Neodymium-Cobalt Alloy Systems" 

was presented at the , 0 ,h Rare Earth Research Conference in Carefree 
Arizona, April 30-May 3 , , 973 . This paper , reproduced lp n 

has been accepted for publication in the journal Cobalt and is scheduled ’ 
to appear in the December 197 3 issue Tt i = n 

ivts issue. It is a summary of the work on 

these alloy systems which were d^scusseri in rW -i • 

(2 4 5 ) a. scussed in detail m previous 


reports 


A second paper entitled "A Review of the Binary Rare Earth- 
Cobalt Alloy Systems" is given in Appendix HI. This paper will be 
presented at the ,973 Conference on Magnetism and Magnetic Materials 
to be held in Boston, November ,3- 17, ,973. The paper reviews the 

published phase diagrams for they- Co, La- Co, Ce-Co, Pr-Co, Nd-Co, 
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and Sm-Co alloy systems. A revised phase diagram for the La-Co 
system is proposed. This paper has also been submitted to the journal 
Cobalt and is tentatively scheduled for publication in the March 1974 
issue. 
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abstract 


Single crystals of the compositions Y,(Co Fe ) v - n 1 

2 i-x x 17’ • 

0. 2, 0. 4, 0. 5, and Pr_(Co Fe) x - n , n , „ 

2 1-x x 17* ~°* 2 » 0.3, 0.4, were grown 

from single phase alloy buttons bv inn,-, 

y g rm annealing. Measurements 

Of the room temperature and liquid nitrogen temperature saturation 

magnetization and anisotropy were made using an oscillating specimen 

magnetometer. The temperature variation of the magnetization was 
also investigated. 

All of these alloys have the magnetically favorable c-axis 
magnetocrystalline anisotropy at room temperature. It was found, 
however, that cooling Pr^Co,, ,7.^ below 140°K in a 140 hOe 
field caused this composition to develop an easy direction of magneti¬ 
zation in the basal plane of the hexagonai cell. A qualitative explana¬ 
tion of this phenomenon is given, based on the concept o, a cone of easy 
directions whose opening angle is a function of temperature and applied 


field. 


The highest saturation magnetization observed was for 

2 * 0.7 * 0 . 3*17’ I 16 - 300 gauss). This alloy also had the highest 

room temperature anisotropy field (24 kOe). 
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I. INTRODUCTION 


The ideal permanent magnet should exhibit high saturation 
magnetization and a high intrinsic coercivity. It should have a square 
hysteresis loop and a large energy product. In order to resist demag¬ 
netisation at elevated temperatures, it should have a high Curie tem¬ 
perature. Finally, it should be both inexpensive and easy to make. 

Both raw materials and manufacturing costs of alnico magnets 
are moderately expensive. They have the advantage of a very high 
saturation magnetization. 8-13 kG. but their energy product is severely 
limited by a very small coercive force,<2000 Oe. Ferrites are made 
from inexpensive raw materials and have a moderately high coercive 
force, 2-3 kOe, but they have a low saturation magnetization, 4 kG. 

In addition, their magnetic properties deteriorate with an increase in 
temperature much more quickly than those of alnicos. Platinum-cobalt 
magnets exhibit both high saturation and coercivity, 6. 5 kG and 4. 5 kOe, 
respectively, but a magnet of 75 wt % platinum is too expensive for 
virtually all commercial applications. 

Rare earth-cobalt magnets combine many of the favorable pro¬ 
perties of alnicos, ferrites, and platinum-cobalt magnets. Some rare 
earth-cobalt magnets, such as SmCo^ have high Curie temperatures, 
high saturation magnetization and intrinsic coercivity, and an almost 
perfectly square hysteresis loop. Their magnetic properties exceed 

I- 1 


those of platinum cobalt and they cost far less. Figure 1 shows the 
demagnetization curves for some common magnetic materials and the 
curve for commercially prepared SmCOg. 

Recently, some research has been done on the R Co inter- 

2 17 

metallic compounds, where R is one of the rare earth metals Pr, Sm, 
Y, Nd, or Ce. Because of the increased cobalt content, these alloys 
have a somewhat higher saturation magnetization than the RCo 5 phases 
and also exhibit higher Curie temperatures. ^ Substituting Fe for Cc 
produces a ternary R 2 ^ C °i_ x Fe x ) 17 P hase with still higher saturation. 
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Figure 1. Demagnetization Curves for Some Magnetic Materials. 



II. REVIEW OF THE LITERATURE 

The first rare earth-cobalt magnets to be developed were the 

intermetallic phases RCo^, where R is one of the rare earth metals 

Ce, Pr, Nd, Sm, or Y. Studies by Hubbard, Adams, and Gilfrich, 4 

5 6 

Nesbit et al, and Nassau et al, prompted Hoffer and Strnat to inves¬ 
tigate the magnetocrystalline anisotropy of some of the RCo 5 alloys. 

This stimulated extensive work in the field, including metallurgical and 
crystallographic studies of the rare earth-cobalt phase diagrams, 8 
sintering techniques, and magnetic measurements. 13 Work in 

these areas is continuing, but already some of the RCo^ magnets, speci¬ 
fically SmCOj., have replaced the more expensive and less efficient 
platinum-cobalt magnets in some applications such as in traveling wave 
tubes. 

In principle, R^Co^ alloys present certain advantages over 

RC °5 alloys for some applications of permanent magnets requiring high 

fields. They are less expensive than RCo^ compounds, since cobalt is 

much less expensive than most rare earths, and the R Co phases 

2 17 

contain approximately 10 wt %less rare earth metal than the RCo 

5 

phases. Secondly, they have a higher saturation magnetization, 2 again 
brought about by the higher cobalt content. Thirdly, they have higher 
Curie temperatures, often as much as 200°C higher than the corres¬ 
ponding RCo 5 phase. The only major disadvantage is that their intrinsic 
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coercivity, while still better than commercial magnets, is still quite 

inferior to the RCo alloys. 

5 

The intrinsic coercivity of rare earth-cobalt magnets is due 

14 

primarily to magnetocrystalline anisotropy. In the RCo alloys, the 

5 

easy direction of magnetization is the c-axis of the hexagonal cell. To 

reverse the direction of magnetization of the cell, the moments must be 

rotated 180° through the hard direction (that is, through the hexagonal 

1 5 

cross section). Schweizer investigated the magnetocrystalline ani¬ 
sotropy of the R Co and R Fe alloys, and found the easy direction 

Lt L i Lt L t 

of magnetization in the light rare earth alloys to be the hexagonal basal 
plane in all cases except Sm^Co^. Since magnetization reversal in a 
material with an easy basal plane anisotropy may be easily accom¬ 
plished by the rotation of the moments in the basal plane, it would seem 
that only Sm Co had any potential as an important magnet material. 

« If 

Since R^Co^ and R^Fe^ alloys are isomorphous, ternary alloys 
of the composition R^(Co^ ^Fe^)^ °^ er interest as permanent magnet 
materials. Since iron is less expensive than cobalt, these alloys should 
be even less expensive than the R^Co^ compounds. Further, iron has 
a higher saturation magnetization than cobalt, so it would seem reason¬ 
able that such a substitution would increase the saturation of the ternary 
alloys. Indeed, Co. Fe with x = 0. 5 has the highest saturation mag- 

netization of any substance, including both pure iron and pure cobalt. 

16 

Strnat, Hoffer, and Ray have reported the R Fe alloys to have low 

« If 
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Curie temperatures, making them unsuitable materials for permanent 
magnets, while those of R^Co^ are very high. The R^C°l-x^ e x^ 17 
alloys have high Curie points, normally above 700 C, for values of x 

19 

up to 0. 5. Figure 2 shows the compositional dependence of the Curie 
temperature for several R (Co. Fe ) alloys. 

w I"X X 1 1 

In 1971 it was found that these substitutions of Fe for Co in 

RJCo, Fe alloys could induce the magnetically favorable c-axis 
2 1-x x 17 

magnetocrystalline anisotropy over a broad range of compositions when 

17 18 

R = Ce, Pr, Sm, Y, and Ce-rich mischmetal (MM). ’ Figure 3 shows 

these regions of c-axis anisotropy. 

Saturation magnetization measurements on loose powder 
3 

samples indicated values as much as 50% greater than the RCo^ alloys. 
Preliminary measurements of the anisotropy were made on powder 

19 

samples aligned in a magnetic field and bonded with epoxy. 

Loose packed powder measurements give a good approximation 
of the saturation magnetization, but are subject to oxidation problems 
and imperfect alignment of the grains, either of which prevent technical 
saturation from being attained. Anisotropy measurements on pseudo¬ 
single crystals made of epoxy bonded powders suffer from both these 
problems. In addition, the demagnetization correction can only be 
approximated. Measurements on single crystals avoid both these 











problems. Oxidation effects are reduced to a minimum, and complete 
alignment of the dipoles is assured. The demagnetization factor may 
be determined from an examination of the specimen's geometry. 
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IH. EXPERIMENTAL PROCEDURES 


A. ALLOY PREPARATION 

Rare earth, cobalt, and iron ingots were obtained from the 
Lunex Company, the African Metals Corporation, and the Materials 
Research Corporation. Typical analyses of these materials are shown 
in Table 1. 

The alloys were prepared in an inert gas filled arc furnace. 
Predetermined quantities of rare earth and transition metals in 40- 
gram quantities were placed in a copper hearth, and the furnace cham¬ 
ber evacuated to 0. 1 Torr. The system was then flushed with a 75% 
Argon-25% Helium mixture, and the entire process repeated two more 
times. The final chamber pressure was 300 Torr. 

The component metals were co-melted using a predetermined 

excess of rare earth (normally <3 wt %) to correct for non-rare earth 

impurities and vaporization losses. After the buttons had been melted, 

they were inverted and re-melted three or four times to increase 

homogeneity. The arc melted buttons were further homogenized by 

wrapping the alloys in tantalum foil and heating them for 24-196 hours 

o 

in a vacuum at temperatures approximately 200 below the melting 
point. Standard metallographic techniques were used to check for the 
presence of a second phase in both the as-cast and annealed buttons. 
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In addition, Debye-Scherrer X-ray diffraction patterns were taken of 
the annealed buttons to check for a second phase and to determine the 


lattic constants. 


B. SINGLE CRYSTAL GROWTH 


Single phase materials were further heat treated to induce 


grain 


growth. The furnace used for this purpose was a high vacuum tube 
furnace; temperature was controlled tot 1°C. The sample tempera¬ 
ture was measured with a chromel-alumel thermocouple placed under 
the sample. 

The tube was evacuated to a pressure of better than lo' 6 Torr, 
and the sample heated to about 200°C to outgas the tube. After baking, 
the tube was backfilled with helium to two psi positive pressure, and 
the pressure maintained throughout the heat treatment by a spring loaded 
safety valve. The furnace temperature was slowly increased to bring 
the sample up to the desired temperature, about 20°C below the — 


r . .. u "‘ rea Iem P e rature, about ZO^C below the melting 

points, where it was maintained for 7-10 days. After this treatment, 
the button was examined for single crystals. 

The buttons were broken into a few large pieces and examined 
With the aid of a stereo microscope at magnifications of 10 to 45 x. The 
crystals were removed from the button with a dental pick and forceps. 
Visually, the single crystals were characterized by smooth sides and 
sharp edges. The crystals ranged from 0. 1 to 2 mm in length and 
were usually elongated and irregular. Each crystal selected was 
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lightly etched in nitric acid to try to reveal grain boundaries which 
would indicate polycrystallinity. Often small crystals were discovered 
along the edge of a larger crystal which could be chipped off. 

Each crystal was mounted on a glass fiber with a drop of muci¬ 
lage and placed on a goniometer mount. Back reflection Laue patterns 
were taken to check for obvious flaws such as polycrystallinity or 
twinning. The goniometer head was rotated 180° and a second shot 
made of the other half of the crystal. If no polycrystallinity was indi¬ 
cated, an attempt to spheroidize the crystal was made using a race 

* 

track spheroidizer. 

After an attempt at spheroidizing had been made, the pseudo- 
spherical crystals were heavily etched in nitric acid to remove the 
disturbed surface layer and any metal dust which might remain on the 
crystal. Each crystal was then remounted on a glass fiber and a new 
series of Laue diffraction patterns were taken. The crystal was 
oriented along a major crystallographic direction, usually the c-axis, 
and then rotated 180° to check for an identical pattern on the other 
hemisphere. Normally, the crystal was smaller than the beam dia¬ 
meter, so that an entire hemisphere could be mapped in one exposure. 
When the crystal diameter exceeded the beam diameter, multiple 
pictures were taken. If the crystal proved to be a single crystal, free 
from defects such as twinning, it was cleaned in acetone in an ultra¬ 
sonic cleaner and embedded in epoxy. 

* Nonius compressed air race track spheroidizer. 
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The crystals were weighed on an analytical balance and p r e- 
magnetized in a 20 kOe field before potting in epoxy for the magnetom¬ 
eter measurements. The standard sample holder was designed to hold 
a cylindrical slug 4 mm in diameter and 4. 5 mm long. Each crystal 
was suspended in the center of an epoxy slug of these dimensions. 
Originally the single crystal was simply dropped into the mold with the 
liquid epoxy and the mold placed between the poles of an electromagnet, 
but it was observed that this produced too much uncertainty in the posi¬ 
tion of the crystal in the epoxy cylinder. Instead, the epoxy was allowed 
to harden in the mold and a small cavity was machined out of each 
cylinder so that the crystal would be held at the correct height from the 
ends and a uniform distance from the sides of the cylinder. The mold 
with the crystal and some fresh epoxy was then placed in a 20 kOe field. 
Over a period of a few hours, the epoxy hardened and fixed the orienta¬ 
tion of the crystal so that the crystal's easy direction of magnetization 
was parallel to the applied field. 

C. MAGNETIC MEASUREMENTS 

Room temperature and low temperature measurements were 
made using an oscillating specimen magnetometer described by 
Mildrum. 20 For room temperature saturation and anisotropy 
measurements, the magnet geometry permitted an applied field of 
?0 kOe. Calibration was accomplished using a 190 mg nickel sample. 

A spherical nickel sample was used to check the error induced by 







epoxy mount. 


purposely displacing the sample from the center of the 
It was found that an error of 2% in the magnetization measurements 
and 5% in the anisotropy measurements could be introduced by a poorly 
centered sample. In the actual experimental work, great care was 
taken to insure that the sample was positioned as precisely as possible. 

The samples were aligned in the sample holder by placing the 
sample and holder between the poles of an electromagnet. The sample 
rotated in its holder and aligned its easy direction of magnetization with 
the applied field. A plastic setscrew was used to fix the orientation of 
the sample. The sample rod is then placed in the magnetometer in the 
same configuration as when the sample was aligned, that is, so that the 
easy direction of magnetization was parallel to the magnetic field. The 
field was slowly increased to 20 kOe over a 10-minute period, and the 
easy axis plot of magnetization versus applied field was obtained on an 
x-y recorder. A digital printer provided a permanent record of the 

saturation magnetization with a higher resolution than the x-y recorder 
could provide. 

After the field had been reduced to zero, the sample rod was 
rotated 90° so as to make the applied field in the direction cf hardest 
magnetization. The field was again brought up to 20 kOe over a 25- 
minute period and the hard axis curve obtained. The extremely slow 
speed of this trace was necessitated by the small size and moderate 
noise level of the samples in general and by the fact that the hard axis 
curve is needed to determine the anisotropy constants. 
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Low temperature anisotropy measurements were obtained in 
much the same manner. The addition of a dewar to contain the liquid 
nitrogen (see Figure 4) necessitated increasing the magnet gap, which 
reduced the obtainable field to 14 kOe. The phenolic protection tube 
surrounding the sample rod was continuously flushed with helium cooled 
to liquid nitrogen temperature to prevent ice or frost from forming on 
the pickup coils or the rod itself. The sample temperature was moni¬ 
tored with a copper-constantan thermocouple placed in the sample rod 
about 1 cm from the sample. 

The dewar was filled with a sufficient quantity of liquid nitrogen 
to cool the sample to the neighborhood of 77°K and maintain that tem¬ 
perature for about one hour during which time the anisotropy traces 
were obtained. After the liquid nitrogen in the dewar had fallen to a 
certain level the sample would begin to heat up to room temperature, a 
process which normally required at least 90 minutes. The applied field 
was held at 14 kOe during this period and a record of the variation of 
magnetization with temperature at fixed field was obtained. 
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IV. RESULTS AND DISCUSSION 

A. Y_(Co, Fe \ 

2 I-x x 17 

The room temperature and liquid nitrogen temperature magnetic 

properties of the Y^Co^FeJ 1? alloys (x = 0. 1, 0. 2, 0. 4, 0. 5) are 

reported in Table 2. The room temperature saturation values were 

1 to 8% higher than the values reported earlier for loose packed powders 

of the same composition. 3 The room temperature and liquid nitrogen 

temperature anisotropy curves for the Y^Co^ 6 Fe Q ^ composition, 

corrected for the demagnetizing field, are shown in Figure 5. This 

composition had one of the highest anisotropy fields of the Y (Co Fe ) 

2 1-x x 17 

alloys studied. 


? or a material with a square hysteresis loop, the 


maximum 


2 .. 2 


energy product is 4 tt M g . For Y^Co^ gFe^ ^ this maximum 
energy product would be 49 MGOe. However, this would require a 
coercive force of 7 kOe, which is about half of the observed anisotropy 
field. The fabrication of a bulk magnet of this composition with this 
energy product would be difficult since bulk magnets seldom exhibit 
coercive forces more than 10 or 15% of the amsotropy field. However, 
it may be possible to fabricate magnets with twice the coercive force 
and 10% higher saturation magnetization than the highest saturation 


alnicos. 



SUMMARY OF ^2( Co l-x Fe x)17 DATA 
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The variation of the saturation magnetization r the four 

Y 2 (Co l-x Fe x>17 alI °y s is P^sented in Figure 6. The magnetization 
was observed to increase with increasing iron content due to the higher 
dipole moment of iron compared to that of cobalt. The saturation also 
increased for each composition as the temperature was decreased, due 
to the greater degree of ordering at low temperatures. Cooling to 77°K 
resulted in a 3 to 5% rise in magnetization. 

s. Pr 2 (C° lx Fe x ) 17 

In the alloy system Pr.,< COj ^Fe^, two crystals of each com¬ 
position where * = 0. 2. 0. 3, 0. 4 were studied. The room temperature 
and liquid nitrogen temperature magnetic properties of these alloys are 
reported in Table 3. The room temperature saturation values were 

2 to 8% higher than the previously reported values for loose packed 
powders. ^ 


At room temperatures, the easy direction of magnetization for 
these alloys is the c-axis. Pr^ 7 Fe 0 . ^ and Pr^. .Fe^ ^ 

maintain this anisotropy at low temperatures, but P r (Co Fe 

2 0.8 0. 2'17 

develops an easy basal plane on cooling. The anisotropy curves for 
this composition are shown in Figure 7. 

One possible explanation of the behavior of Pr^COg g Fe 0 ) 

IS that there is a set of cones of preferred directions of magnetization 
located about the c-axis direction, as shown in Figure 8. At low 
temperatures, the angle 6 from the c-axis is larger so that the 
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Figure 6. Temperature Dependence of Magnetization 
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preferred direction of magnetization is in the basal plane rather than 

o 

the c-axis. This situation would correspond to an angle of 8>45 . 

In the easy direction of magnetization, the basal plane, the mag¬ 
netization process would proceed as illustrated in Figure 8. A small 
field in the basal plane direction would be sufficient to rotate the 
moments in the cone as in Figure 8B. The application of a larger field, 
as in 8C, would cause the moments to rotate out of the cones. Finally, 
as in 8D, the moments would all be aligned with the applied field and 
saturation would be achieved. 

In the hard direction of magnetization, the magnetization process 
would proceed as illustrated in Figure 9. A field applied in the c-axis 
direction would slowly rotate the spins out of the cone, as in Figure 9B. 
When the moments are 90° to the c-axis, as in 9C, the slightest addi¬ 
tional field would cause them to spontaneously fall into the upper cone. 
Additional applied field would then slowly rotate the moments into the 
c-axis, as illustrated in Figure 9D. 

The relationship between temperature and magnetization for 
Pr 2< Co 0.7 Fe 0.3>17 and Pr^tCO q^FCq^) ^ is shown in Figure 10. 

Low temperature saturation values were found to be 12% higher than 
room temperature values, indicating that these alloys decrease in mag¬ 
netization with increasing temperature much more quickly than the 
yttrium alloys. The fact that the saturation magnetization values of 
these crystals are so close to one another suggests that they may have 
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Temperature Dependence of Magnetization for Two Fr_(Co. Fe ) Allovs 
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nearly the same composition. Local inhomogeneities in the cobalt-iron 
ratios in the alloy buttons might shift the actual composition of a 
specific crystal to some extent. Microprobe analyses should eventually 
be made on all the crystals to insure that the nominal compositions are 
the same as the actual compositions. 

The temperature variation of magnetization in a 14 kOe field in 

the c-axis direction is illustrated in Figure 11 for two P r (Co Fe ) 

2 0.8 O.Z'll 

crystals. The samples have an easy basal plane at liquid nitrogen tem¬ 
peratures. As the temperature increases, the magnetization also in¬ 
creases until about 140°K, at which point the anisotropy has changed 
from an easy basal plane to an easy c-axis. As the temperature 
increases further, the magnetization decreases in the usual manner as 
the dipoles are disordered. 

While this model qualitatively describes the results for 

Pr 2 (C °0. 8 Fe 0. 2*17 at low te mperatures, it does not do so quantita¬ 
tively. The actual magnetization process is probaly more complex. 

Neutron diffraction will probably be required to completely solve the 
problem. 

An interesting result was that although the room temperature 
saturation magnetization was the same for both crystals, the magneti¬ 
zation differs by 5. 5% at 77°K. The difference decreases with 
increasing temperature until the sample develops an easy c-axis. 
Cobalt-to-iron ratios were determined using a scanning electron 
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igure 11. Temperature Dependence of Magnetization for Two Pr (C 


microscope equipped with an energy dispersive X-ray analyzer. 
Results indicated a higher percentage of iron in the sample with the 
higher saturation at 77°K. 

The most promising permanent magnet material of the praseo¬ 
dymium alloys studied was Pr 2 (Co Q 7 Fe Q ) . With a saturation 

magnetization at room temperature of 16300 Gauss, this material has 

• 2 2 
a maximum theoretical energy product, 4ir M , of 66. 5 MGOe. In 

s 

order to achieve this value, a coercive force cf 8. 2 kOe would be 
required, that is, 34% of the anisotropy field. Such a coercive force 
is probably in excess of what can be obtained in a bulk magnet, but it 
can be anticipated that magnets of PrJCo Fe ) may replace 
alnicos in application where high field strength is required. 



V. SUMMARY 


oom 


The saturation magnetization and anisotropy constants of the 

compositions Pr^Co,^Fe^. , = 0.2, 0. 3. 0. 4, and YJCo, Fe ) , 

^ 1“X x 17 

X = 0. 1, 0. 2, 0. 4, 0. 5 have been obtained. All these compositions have 
the magnetically favorable c-axis magnetocrystalline anisotropy at r 
temperatures, but when cooled below 140°K in a 14 kOe field, 

Pr 2 (C °0. 8 Fe 0. 2 } 17 devel °P s an easy basal plane. This transformation 
may be qualitatively explained by hypothesizing a cone of easy direc¬ 
tions whose opening angle is a function of temperature and applied field. 


For the other alloys studied, cooling to 77°K increases the 
saturation magnetization and anisotropy as the moments become more 
ordered. The change in saturation magnetization is more pronounced 
in the praseodymium alloys than in the yttrium alloys. 


The composition which seems to have the most promise as a 
permanent magnet material is Pr^Co^ 7 Fe Q> 3 ) 1? . This alloy has a 
saturation magnetization of 16300 Gauss and an anisotropy field of 
about 24 kOe. A coercive force in a bulk magnet of this composition 
equal to 10% of the anisotropy field would yield a magnet with 25% 
greater saturation magnetization and three times the coercive force of 
the high saturation alnico magnets. If a coercive force equal to 34% 
of che anisotropy field could be achieved, it would make possible a 
magnet with an energy product of 66. 6 MGOe. 
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APPENDIX* 

The crystal anisotropy energy for a crystal of uniaxial sym¬ 
metry can be expressed by: 

2 4 

cos $ + K cos (j> , 

where and are the anisotropy constants, and <j> is the angle 
between the direction of magnetization and the basal plane, as shown 
in Figure 12. 

The energy of a dipole in an effective field H. (that is, the 
applied field minus the demagnetization field) is: 

E = - H. M cos (b , 

H is T 

where H. is the effective field and is the saturation magnetization. 

The total energy of the system is: 

2 4 

^TOT = E C + E H = COS ^ ■*" ^2 cos cf> - H. M^ cos 4> . 
An extremum of this function occurs at: 

8E 3 set 

= 2 cos 4> + 4K^ cos 4> - H. M cos <|> = 0 . 

* 

Based largely on the analysis given by W. Sucksmith and J. E. 
Thompson, "The Magnetic Anisotropy of Cobalt," Proc. Royal Soc. 
(London) V. 225 (1954) p. 362; and discussed by H. Zilstra, Experi¬ 
mental Methods in Magnetism, " Voi. IX, p. 168, of "Selected Topics 
in Solid State Physics. " 






addendum 


Since .he completion of .he preceding work. questions „„ been 
as to .he propriety of the use of the expression 2(K + K ) /M 
as the correct es.i ma .e of the anisotropy fieid, H In ^‘presentation 
of the work, 2 (K] + K,, /M was intended to be an es.itna.e of the m axi 

r COe ; CiVe ^ . magnet of the composition 

g >■" le and not the stngle crystal anisotropy fieid. In this usage 

;e - the expression is correct and agree with our critics that the silgle 
H yS ‘ al ^ 1S ° tr °" «•«. « A . -Wd be calculated using the expression, 

data ' ' + X2>/Ms ' ^ SeCt ‘°" “' A ° £ ‘ hiS re P° rl - ‘ h e single crystal 

* th PreSen ‘ ed USing tWS *»• r eader is referred there 

ior the anisotropy field data. 
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REVISED PHASE DIAGRAMS FOR THE BINARY SYSTEMS 

CERIUM- COBALT, PRASEODYMIUM- COBALT, 

AND NEODYMIUM-COBALT" 

A. E. Ray, A. T. Biermann, R. S. Harmer, and J. E. Davison 
School of Engineering, University of Dayton 
Dayton, Ohio 45469 

INTRODUCTION 

Tentative but incomplete phase diagrams for the Ce-Co, 
Pr-Co, and Nd-Co were reported earlier by Ray and Hoffer. 1 
More recent investigations at the University of Dayton‘S" ^ have 
revealed the existence of previously unrecognized phases in these 
alloy systems. It is felt that some of these phases, namely the 
R^COj 9 * s, may play significant roles in the achievement of high 
coercive forces in sintered rare earth-cobalt permanent mag¬ 
nets. ■*' ° In view of the importance of reliable phase diagrams as 
guides for alloy preparation, heat treatment, and the under¬ 
standing and control of the magnetic properties of these alloys, 
we have revised and completed these three binary systems. 

EXPERIMENTAL 

Chemical analyses and sources of the metals used for the 
preparation of the alloys are given in Table I. Alloys were pre¬ 
pared by arc melting in a purified argon-helium atmosphere. The 
alloys were melted, cooled, inverted, and remelted several times 
to enhance mixing. Weight losses on melting seldom exceeded 
0. 1%. Alloy compositions were assumed to be the nominal com¬ 
positions, excluding the additions of 1.0 wt. % Pr and 2.0 wt. % Nd 
to each of the Pr-Co and Nd-Co alloys, respectively, to compen¬ 
sate for the impurity content, primarily oxygen, in these metals. 

This research was supported by the Advanced Research Projects 
Agency of the Department of Defense and was monitored by the 
Air Force Materials Laboratory, AFSC, USAF under Contract 
No. F33615-70-C- 1625. 
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The values of 1. 0% Pr and 2. 0% Nd were determined by the 
amount of excess rare earth required to prepare metallographically 
single phase alloys of the stoichiometric phases, Pr 3 Co and PrCo 2 
and NdjCo and NdCo 2 , respectively. No cerium additions were » 
required to produce metallographically single phase alloys of 
Ce^Coj j or CeCo 2 , undoubtedly due to the low impurity level of 
the cerium metal supplied to us by the Ames Laboratory, USAEC, 
Iowa State University, through the cooperation of Dr. F. H. 
Spedding. 

Metallography, X-ray diffraction, and differential thermal 
analyses were generally performed on rare earth-rich alloys in 
the arc melted condition. Alloys containing more than approxi¬ 
mately 25 at. % Co were wrapped in tantalum foil and homogenized 
in vacuum for two to five days at temperatures 25°C to 100°C 
below the lowest melting phase known to be present in the parti¬ 
cular alloy. 

X-Ray diffraction patterns were obtained with a G. E. 

XRD-6 diffractometer and Type 700 detector system, using CrKa 
radiation. Precision lattice constants were computed using the 
methods of Vogel and Kempter 7 with the aid of an RCA Spectra 
70/40 computer. Nickel powder was used as an internal standard 
to correct for zero 29 errors. 

Quantitative analyses were performed on selected alloys to 
confirm their compositions. Raw data was refined using the com¬ 
puter program MAGIC III by J. W. Colby. * Standards used in the 
analyses were: Nd 3 Co and NdCo 2 for Nd; CeCo 2 for Ce; PrCo 2 
for Pr; and pure Co for Co. 

The differential thermal analyses were performed on equip¬ 
ment described in detail elsewhere. ® Tantalum crucibles and 
thermocouple sheaths were used for alloys containing < 25 at. % 

Co, while high density alumina crucibles and sheaths were used 
for the alloys of higher cobalt content. The thermocouples 
employed were W/26 Re vs. W/3 Re obtained from Englehard 
Industries. High purity Ag (99. 95) and AISI Fe (36 ppm total 
impurities) were used as checks on the thermocouple calibration. 

RESULTS 

Cerium- Cobalt 

The phase diagram for the Ce-Co alloy system is given in 
Figure 1. The cerium-rich half of the system is in good agree¬ 
ment with the results of Ellinger et al. , * w ho studied the system 

* Bell Telephone Laboratories, Allentown, Pa. 
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between 0 and 50 at. % Co. Eutectics occur at 24. 1 at. % Co and 
at 34.0 at. % Co. Between these, Ce^Coj j is observed to melt 
congruently at 446_+ 2°C. Six peritectically melting, cobalt-rich 
intermediate phases are observed: CeCo 2 , CeCo 3 , Ce 2 Co 7 , 
Ce 5 Co 19 , CeCo 5 , and Ce 2 Co 17 . In the previous investigation, 1 
the Ce 5 Co 19 peritectic was incorrectly assigned to Ce 2 Co 7 and 
the Ce 2 Co 7 peritectic was assumed to be due to a solid state 
transformation in Ce 2 Co 7 . In another investigation of the Ce-Co 
system, Buschow^ did not detec u CejCojg. The peritectic melt¬ 
ing temperatures we observe are 21°C to 27°C lower than those 
reported by Buschow for CeCo 2 , CeCo 3 , Ce 2 Co 7 , CeCo 5 , and 
Ce 2 Coj 7 . Although the a-Ce 2 Coj 7 (rhombohedral) to p-Ce^o, 7 
(hexagonal) transformation of Ce 2 Coj 7 was not detected by DTA, 
X-ray diffraction patterns of alloys homogenized at 1100°C showed 
only P-Ce 2 Coj 7 , and those homogenized at 1000°C showed only 
^ ” C 6 Oj y • 

Crystal structure data for the intermediate phases are given 
in Table II. Lattice constant measurements indicate the P-CejjCo, 7 
phase field may extend slightly toward the Co-rich side of Ce 2 Coj 7 
stoichiometry. 


Praseodymium-Cobalt 

The Pr-Co phase diagram is shown in Figure 2. The major 
change in the cobalt-rich jortion of the system is the identification 
of the higher of the two clos ely-spaced thermal events as the 
PrsCoj 9 peritectic and the lower as the Pr 2 Co 7 peritectic. A total 
of nine intermediate phases are observed: Pr 3 Co, Pr_ 7 Co~ 
Pr 2 Co i.7» PrCo 2 , PrCo 3 , Pr 2 Co 7 , Pr 5 Co! 9 , and Pr 2 Co, 7 . 

Crystal structure data for these phases are given in Table II. 

Only Pr 3 Co melts congruently. Metallographic analysis indicates 
Pr~ 7 Co_ 3 contains slightly less than 29. 5 at. % Co. Eutectics are 
observed at 19. 5 and 34 at. % Co. 

Thermal analyses of alloys containing 50, 55, and 61.5 at % 
Co show an event at 5S0.+ 4°C. The nature of this event is unknown. 
X-Ray diffraction patterns of these alloys, annealed at 500°C, 
show only Pr 2 Co li7 and PrCo 2 to be present. 

Lattice parameter measurements indicated narrow ranges of 
solubility for Pr 3 Co, PrCo 3 , Pr 2 Co 7 , and Pr 5 Co 19 . For PrCo 5 

we observe a = 5. 0 32+ . 00 2 R and c = 3. 992+ . 002 R in both the 
Pr 5 Co i9 + Pr Co 5 phase field and for the stoichiometric PrCo 5 
composition for alloys annealed at 1100°C. In the PrCo 5 + 

Pr 2 Co! 7 phase field, however, we observe a = 5. 02l_+ . 005 R and 
c = 4. 028+ . 007 A. The relatively large increase in the c-axis 
accompanied by a smaller decrease in the a-axis suggests some of 
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the Pr atomic sites have been replaced by pairs of Co atoms 
aligned parallel to the c-axis. 

Only the rhombohedral form of Pr 2 Co 1 7 is observed. 

X-Ray diffraction patterns of alloys annealed at 1100°C indicate 
a very narrow solid solubility range for Pr 2 Coj 7 . 

Neodymium-Cobalt 

The Nd-Co phase diagram, Figure 3, contains ten inter¬ 
mediate phases: Nd 3 Co, Nd_ 7 Co_, 3 , Nd 2 Co K7 , Nd 2 Co 3 , NdCo^ 
NdCo 3 , Nd 2 Co 7 , Nd 5 Co 19 , NdCo 5 , and Nd 2 Co, 7 . All but Nd 3 Co 
form by peritectic reaction. Eutectics are observed at 20+ 0. 5 
and 36jf 0. 5 at. % Co. Electron microprobe analysis shows 
Nd_ 7 Co_ 3 to contain 28. 96± 0. 22 at. % Co ( using Nd 3 Co as a 
standard). The X-ray diffraction patterns of Nd_ 7 Co_ 3 and 

are very similar and the two are probably isostructural. 

The phases Nd 2 Co 17 Nd 2 Co 3 , and Nd 5 Coj 9 were not 
reported in the previous study. ^ Nd 2 Co lt7 forms by peritectic 
reaction at 599+ 6°C. Nd 2 Co 3 also forms by peritectic reaction 
but the exact temperature is uncertain. A dashed isotherm at 
640_t 9°C indicates the statistical center of DTA events observed 
on heating homogenized alloys containing from 45 to 6 5 at. % Co. 

A cooling event which could be definitely associated with the for¬ 
mation of Nd 2 Co 3 was not observed. Apparently Nd 2 Co 3 is not 
readily nucleated from the liquid + NdCo 2 phase field and forms 
simultaneously with Nd 2 Coj 7 on cooling. Electron microprobe 
analysis shows Nd 2 Co 3 to contain 60. 8+ 0. 3 at. % Co. X-Ray 
diffraction results indicate Nd 2 Co 3 is isostructural with La 2 Co 3 . ^ 

An unexplained thermal event is observed at 583+ 3°C for 
alloys containing 52. 5 to 65 at. % Co. A similar event is observed 
in the same temperature-composition range in the Pr-Co system. 

As in the Ce-Co and Pr-Co systems, the Nd 2 Co 7 and 
Nd 5 Coj 9 peritectics are only a few degrees apart. In this case, 
the Nd 2 Co 7 peritectic is at 1161_+ 4°C and the Nd.Co, Q is at 
1166+ 5°C. 19 

A very narrow solubility range is indicated for NdCo 5 at 
1100°C. At the stoichiometric composition, lattice constants of 
a = 5. 0 28+ 1 A and c = 3. 9 77+ 2 R were obtained while in the 
NdCo 5 + Nd 2 Coj 7 phase field we found a = 5. 027+ 1 R and 
c - 3. 981+ 2 R. ~ 



DISCUSSION 


Schweizer 3 reports Pr 5 Co 19 to exist in both rhombohedral and 
hexagonal forms, with a rh = a hex and c rh = 3/2 c hex . The rhombo¬ 
hedral forms of Ce 5 Co, 9 , Pr 5 C 0l 9 , and Nd 5 Co, 9 we?J strongly 
dominant in the heat treated alloys of this investigation and it is likely 
hat if stable ranges for the hexagonal forms exist, they must be 
very close to the peritectic decomposition temperature of the phases. 

he possibility that M 5 X, 9 phases might exist was suggested and their 
crysta! structures correctly predicted by Cromer and Larson 12 in 

Buschow 13 has recently indicated that all of the rare earth- 
cobalt phases with the CaCu 5 structure become unstable when 
cooled, decomposing by eutectoid reaction into the adjacent R 2 Co 7 
and R 2 C°, 7 phases. He indicates CeCo 5 , PrCo 5 . and NdCo 5 are 
unstable below about 600°C. We do not detect any evidence of 
instabiHty of alloys containing CeCo 5 , PrCo 5 , or NdCo 5 in our 
DTA traces. In addition, we have heated slightly rare earth-rich 
alloys of each of these phases for 420 hours at 500°C and examined 
t em metallographically, by scanning electron microscopy, and by 
electron m-croprobe analysis and observed nothing to suggest 
instability of these RCo 5 phases. 
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Figure 1. Phase Diagram for the Cerium-Cobalt System. 




TEMPERA! Ul 












TEMPERATURE, 


WEIGHT % COBALT 

0 10 2 0 30 40 50 60 TO 80 90100 



Figure 3. Phase Diagram for the Neodymium-Cobalt. 
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A REVIEW OF * 

'AHE BINARY RARE EARTH-COBALT ALLOY SYSTEMS 


A. E. Ray 

School of Engineering, University of Dayton 
Dayton, Ohio 45469 


INTRODUCTION 


The binary phase diagrams of cobalt with all the technologically 

1-16 . 17 , 

important rare earths have now been investigated. Eemaire nas 

given an excellent review of the published data concerning the metallur¬ 
gical and magnetic properties of rare earth-cobalt alloys and intermetallic 
phases up to 1966. Examination of Table I, which lists papers describin b 

phase diagram investigations chronologically, shows that most of the phase 
H J . 18-20 
diagram work has been published after 1966, when Strnat and others 

demonstrated the potential of some RCo 5 as permanent magnet materials. 


This recent and unusually large body of information, coupled with the 
chemical similarity of the lanthanides, permits reasonably safe assump¬ 
tions to be made concerning the metallurgical behavior of rare earth- 
cobalt alloys in general, and the properties to be expected of mixed rare 
earth-cobalt alloys in particular. Care should be taken, however, in 
attempting to apply information obtained under carefully controlled, quasi¬ 
equilibrium conditions to production processes, or in ascribing greater 
accuracy to the published information than is warranted or intended. 


This paper reviews the present understanding of the binary rare 
earth-cobalt phase diagrams and attempts to relate this information to 
the processes and resultant pioperties likely to be observed in the pro¬ 
duction of permanent magnets from these alloys. The discussion is 
limited to Y and the light rare earth metals. La through Sm, since these 

v This research was supported by the Advanced Research Projects Agency 
of the Department of Defense and was monitored by the Air Force 
Materials Laboratory, AFSC, USAF under Contract F336 15-70-C- 1625. 
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TABLE I 


CHRONOLOGICAL LISTING OF RARE EARTH-COBALT 
PHASE DIAGRAM INVESTIGATIONS 


Year 

System 

Authors 

Ref. : 

1947 

Ce- Co 

Vogel 

1 

1961 

Gd-Co 

Novy, Vickery, and Kleber 

2 

1962 

Gd-Co 

Savitsky, Terekhova, and Burov 

3 

1964 

Dy-Co 

Wood and Conard 

4 

1965 

Y-Co 

Pelleg and Carlson 

5 


Y-Co 

Strnat, Ostertag, Adams, and Olson 

6 

1966 

Ce- Co 

Ellinger, Land, Johnson, and Struebing 

7 


Er- Co 

Buschow 

8 

1967 

La-Co 

Buschow and Velge 

9 

1968 

Sm-Co 

Buschow and Van der Goot 

10 

1969 

Sm- Co 

Lihl, Ehold, Krichmayr, and Wolf 

11 


Gd-Co 

Lihl, Ehold, Kirchmayr, and Wolf 

i: 


Gd-Co 

Buschow and Var der Goot 

12 


Ho-Co 

Buschow and Van der Goot 

13 

1970 

Ce- Co 

Ray and Hoffer 

14 


Pr-Co 

Ray and Hoffer 

14 


Nd-Co 

Ray and Hoffer 

14 

1971 

Ce- Co 

Buschow 

15 


Dy- Co 

Buschow 

15 


Y-Co 

Buschow 

15 

1973 

Ce-Co 

Ray, Harmer, and Biermann 

16 


Pr-Co 

Ray, Harmer, and Biermann 

16 


Nd-Co 

Ray, Harmer, and Biermann 

16 


La-Co 

R?y and Biermann, unpublished 


19? ? 

Pm-Co, 

Eu-Co, Tb-Co, Tm-Co, Yb-Co, Lu-Co 
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would seem to hold the most promise for permanent magnet applications 
in the immediate future. 

Y-Co 

A slightly modified version of the Y-Co phase diagram proposed 

by Strnat and his co-workers^ in 1965 is shown in Figure 1. Buschow^ 

has also recently studied this system. His version is similar except for 

some minor differences in melting temperatures. The Y-Cj diagram 

5 

proposed by Pelleg and Carlson differs rather significantly from these 
in the composition range between 75 and 95 at. % Co. The latter authors 
did not observe Y^Co^ but rather a congruently melting phase with the 
approximate comoosition YCo , and they indicate Y Co to melt by 

* b il 

peritectic reaction. Strnat, et al. outline a wide homogeneity range for 

Y^COj^. Although Buschow does not show the homogeneity regions in 

his diagram, he reports having observed wide homogeneity ranges for 

both Y^Co^ and YCo 5 in the text of his paper. The unpublished results 

of H. Garrett suggest that the Y-Co diagram between YCo. and Y Co 

5 2 17 

is much more complex than indicated by either of these diagrams. This 
writer believes that the published "Y-Co" phase diagrams actually 
represent cuts through the Y-Co-O ternary system. 

A number of years ago, when we prepared most of the yttrium- 
cobalt alloys for the Air Force Materials Laboratory, which Strnat and 
his group used in their phase diagram study, we found it virtually 
impossible to eliminate the cast structure of the alloys without annealing 
them within a few degrees of their melting temperatures. It appeared 
that oxide particles trapped in the grain boundaries inhibited homogeni¬ 
zation and grain growth at lower temperatures. Commercially produced 
yttrium contains from 1000 to 5000 ppm oxygen, and, umike most of the 
rare earth metals, very little ox/gen is removed from yttrium alloys 

" H - Garrett, unpublished results, Air Force Materials Laboratc-y, 
Wright-Patterson Air Force Base, Ohio, 1970. 
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during melting by the formation of an oxide slag which segregates to the 
top of the melt. An example of the complex microstructures which we 
have observed in annealed yttrium-cobalt alloys is shown in Figure 2. 


It was the discovery of the large magnetocrystalline anisotropy 

of YCo that initiated the interest in the RCo phases as permanent mag- 

* . 18 21 5 
net materials. Moreover, Becker has achieved an energy product of 

nearly 28 MGOe in a single particle of YCo_. However, no one has 

5 

reported achieving a usefully high coercive force in an RCo -based per- 

5 

maner.t magnet incorporating a substantial amount of yttrium. It is 
possible that oxide particles in Y-Co alloys provide nucleation sites for 
reverse domains. If this is the case, then techniques for preparing com¬ 
mercial quantities of low oxygen yttrium-cobalt alloys, and magnet pro¬ 
duction processes for maintaining the oxygen at low levels will have to be 
developed before YCo^-based permanent magnets become of commercial 
interest. 

La - Co 


The lanthanum-cobalt system was first described by 

9 

Bus chow and Velge, who identified six intermediate phases. La^Co 
was observed to melt congruently at 545°C, while La^Cot- 46 at. % Co), 
La^Coy La.Co^, LaCo^., and LaCo^ were observed to melt by peritectic 
reaction at 570 C, 695 C, 800 C, 1090 C, and 1185 C, respectively. 

The authors indicate that the phase diagram they propose is tentative and 
that they have relied heavily on metallographic evidence in the vicinity 


of 25 at. % Co. The compositions of the eutectics are not stated and the 
authors do not indicate how the points of intersection of the peritectic 
isotherms with the liquidus lines were determined. The latter would 
appear to be based primarily on extrapolations from observed liquidus 
points. 
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We have studied a few alloys on the cobalt-rich side of this system. 

Our results verify that La^Co^ ^, La^Co^, La^Co^, LaCo,., and LaC j 3 

form peritectically, but we observed these reactions to occur at sig¬ 
nificantly higher temperatures: La 2 Co 1 ? at 596 C, La 2°°3 at 727 C, 

La Co ? at 843°C, LaCo 5 at 1124°C, and LaCo^ at 1275°C. In addition, 
we^observe a strong thermal event at 868°C indicating that a peritectic 
phase exists between La.,Co T and LaCo,.. Preliminary X-ray diffraction 
data suggest this new phase corresponds to the composition La 5 C 2 ° 19 
with a = 5. 127 R and c = 48. 74 R. Schweizer, Strnat. and Tsui have 

shown that the phase reported as La^Co is, in fact, La 2 C °i.7' has a 

, . . ..t _ _ a os 2 r = 4 31 R. and is isostructural 

hexagonal structure with a - 4. a, c - ■». ai a, 

with Pr^COj 7 and Nd^Oj ? . 23 On the basis of these new da.a, this 
writer proposes a revised La-Co diagram shown in Figure 3. It should 
be emphasized that this revision must also be viewed as tentative. 

Many potentially important features remain to be clarified when, and if, 
more accurate details are required. 

The relative abundance of lanthanum, coupled with the magnetic 
properties which have been reported for LaCo^ 24 would appear to make 
this phase very attractive for some permanent magnet applications. 

Indeed, some excellent permanent magnets, especially in terms of 
intrinsic coercive force, have been prepared with La ;j . gSm^ as 

the basic magnetic component. 25 ' 26 To prepare LaCo 5 by standard 
melting practices, an annealing step is required. Buschow and Velge 
also observed this. The LaCo^ peritectic isotherm, which evidently 
extends well beyond the stoichiometric LaCo 5 composition (8 3. 3 at. % Co), 
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interferes with the formation of LaCo^ Unless the cooling rate is 
carefully controlled, very little LaCo^ will be observed in the cast alloy. 
The problem is illustrated by the microstructure of an arc melted, • 
nominally 16.7 at. % La - 83. 3 at. % Co alloy button, shown in Figure 4a. 
X-Ray analysis shewed this alloy to contain Co, LaCo^, and several 
more La-rich phases but only a trace of LaCo . Annealing the alloy for 
96 hours at i025 C produced the nearly single phase microstructure 
shown in Figure 4b. X-Ray analysis of the annealed alloy showed only 
the LaCo^ diffraction pattern, with a = 5. 120 ± 1 A and c = 3. 97 2 ± } R. 

In larger castings, the segregation is likely to be more severe, and 
higher annealing temperatures and/or longer annealing times may be 
required to produce single phase alloys of LaCo^ 

Ce- Co 

The Ce-Co system was first studied by Vogel 1 in 1947. The most 
recent version of the Ce-Co phase diagram, proposed by Ray, Harmer, 
and Biermann, is shown in Figure 5. The Ce-rich half of the system 
is in good agreement with the results of Ellinger, et al. 7 who studied 
the system between 0 and 50 at. % Co. Eutectics are observed ?t 24. 1 
and 34.0 at. % Co, anc between these, Ce^COjj is observed to melt 
congruently at 446 ± 2°C. Six peritectically melting Co-rich intermediate 
phases are observed: CeCo^ CeCo^ Ce^, Ce^o^, CeCo 5 , and 

Ce 2 C °17’ ^ an earlier study of the Co-rich portion of the system, Ray 

and Hoffer incorrectly assigned the Ce^o^ peritectic to Ce 2 Co ? , and 
the Ce 2 Co 7 peritectic was assumed to be a solid state transformation. 

In another investigation, Buschow 1 ' did not detect CegCo^, and reports 
peritectic reaction temperatures which a* , 21 to 27°C higher than those 
given iu Figure 5. 

Cerium is by far the most abundant and potentially the least expen¬ 
sive of the individual rare earth elements. Procedures for the prepara¬ 
tion of large quantities of CeCo 5 were described by Ray and Millott. 27 
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However, because Ce- rich mischmetal (MM) is presently less expensive 

than cerium metal, and MMCo possesses some permanent magnet pro- 

3 25 28-30 

pert es which are superior to those of CeCo^, ' very litde effort 

has b^en made to develop permanent magnets with CeCo , as such, as 
the basic magnetic phase. Most of the development efforts with cerium 

metal have been made with the precipitation hardenable Ce-Co-Cu 

,, 31-34 

alioys. 

Pr-Co 

The phase diagram for the Pr-Co system^ is shown in Figure 6. 

A total of nine intermediate phases are observed: Pr^Co, Pr ^Co y 

Pr 2 C° l y PrCo^, PrCOy Pr^Co.^, Pr^Co^, PrCo 5 » and Pr^Co^. 

Only Pr^Co melts congruently. Thermal analysis of alloys containing 

50, 55, and 61.5 at. % Co indicates an event at 580 ± 4°C. The nature 

of this event is unknown. X-Ray diffraction patterns of these alloys 

annealed at 500°C, show only Pr Co and PrCo to be piesent. In an 

14 Z 1 ‘ ^ 

earlier investigation, although we detected both the Pr Co and 

I 

Pr^Co^g peritectic. reactions, we incorrectly assigned the higher event 

to Pr Co. and the lower to a solid state reaction in this phase. 

22 

Schweizer first identified the existence of Pr^Co^ and determined its 
crystal structure. Lattice parameter measurements Indicate only very 
narrow ranges of solubility for PrCo , Pr Co , and Pr Co at 1000°C 

q 3 2# 519 

and for Pr^Co^ a * 1100 C. We detected a significant extension of the 

PrCOj. phase field toward higher cobalt at 1100°C, however. In the 

P^Co^ + PrCo,. phase field and for stoichiometric PrCo,., we found 

a = 5. 032 ± 2 R and c = 3. 997 ±2 R, while in the PrCo. + Pr Co 

5 2 17 

phase field we obtained a = 5. 021 ± 5 K and c = 4. 028 ±7 R. The 

relatively large increase in the c-axis accompanied by a smaller decrease 

in the a-axis suggests that some of the Pr-sites in PrCo. have been re- 

5 

placed by pairs of Co atoms aligned parallel to the c-axis. 
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Among the binary RCo 5 phases, PrCo 5 has the highest potential 
energy product. 36 MCOe. 28 Moreover, praseodymium is more than 
eight times as plentiful as samarium in bastnasite, the major source of 
rare earth metals in the United States. 35 Procedures have been developed 
for the preparation of large quantities of PrCo,., 27 the magnetic proper- 
ties of PrCo 5 powders determined, 36 and some very encouraging pre¬ 
liminary results with PrCo,. as the basic magnetic phase have been 
reported. In spite of its potential, the development of PrCo -based 

permanent magnets have bein neglected in favor of those based on 

SmC°5 and on Sm i-x Pr x Co 5‘ Indeed, the highest energy product 

yet reported in a sintered permanent magnet, (BH) = 26 MGOe, has 
i_ i . . max 


41 


, , . , max 

been achieved with Sm Pr , 

m 0. 24^ r 0, 76 C °E as b ase metal powder. 

In their experiments with PrCo,. and Pr-rich, Pr-Co alloys as 
sintering additives. Schweizer, Strnat, and Tsui 39 found an extremely 
sensitive dependence of the intrinsic coercive force with sintering tem¬ 
perature. Their results are shown in Figure 7. They noted that the 
steep rise .n corresponded exactly to the temperature range of the 
closely spaced thermal events between 1118°C ana 1125°C in the Pr-Co 
phase diagram. As pointed out previously, the event at 1118°C was 
originally thought to be a phase transition in P^Co, and the event at 
1125 C, the Pr 2 Co ? peritectic. It was postulated that the steep rise in 
m H c could be due to an epitaxial shell of Pr.,Co 7 surrounding the PrCo 
grains, on cooling through the phase transition at 1118°C, this shell would 
develop a large number of stacking faults which could act as pinning 
sites for domain walls. It is now known that the thermal event at 1118°C 
is, in fact, the Pr 2 Co ? peritectic, and that the sintering window lies in 
the temperature range corresponding to the liquid plus Pr,.Co phase 
field. This new evidence does not invalidate the epitaxial shelve one ept. 

In fact, it may lend additional support to the basic theory. Now, however, 
in addition to stacking faults, several other factors which could possibly ’ 
influence M H c can be postulated. 
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Nd-Co 


The recently revised and completed version of the Nd-Co phase 

diagram^ is ihown in r'igure 8. The system contains ten intermediate 

phases: Nd^o, Nd ? Co_ y Nd 2 Co 1 ? , Nd 2 Co 3 , NdCo^ NdCo^ Nd 2 Co ? , 

Nd c Co,_, NdCo and Nd,Co,_. All but Nd Co melt peritectically. A 
519 5 c 1 f j 2^ 

tentative phase diagram for the Nd-Co system was proposed earlier. 


although the portion of the system between 40 and 60 at. % Co was left 

incomplete. The phases Nd^o^ Nd 2 Co 3 » and Nd^Co^ were not 

reported in the previous study. Nd 2 Co 3 forms by peritectic reaction, 

but the exact temperature is uncertain. The dashed isotherm at 

640 9°C indicates the statistical center of DTA events observed on 

heating alloys containing from 45 to 65 at. % Co and homogenized at 500 C. 

A cooling event which could be definitely associated with Nd 2 Co 3 was not 

observed. An unexplained thermal event is observed at 583 ± 3 C in 

alloys containing 52. 5 to 65 at. % Co. A similar event is observed in the 

same tcmperature-composition range in the Pr-Co system. As in the 

Ce-Co and Pr-Co systems, the Nd 2 Co^ and Nd^Co^ peritect cs are only 

o 

a few degrees apart. In this case, the Nd 2 Co^ peritectic is at 1161 ± 4 C 
and the Nd^Co^^ at 1166 ± 5°C. 


A very narrow solubility range is indicated for NdCo^ by alloys 
annealed at 1100°C. At the stoichiometric composition, lattice constants 
of a = 5. 028 ± 1 R and c = 3. 977 ±2 R were obtained while in the NdCo_ + 
Nd Co _ phase field we found a = 5. 027 ± 1 R and c = 3. 981 ± 2 R. 

C» If 


35 

The relative abundance of neodymium, coupled with the high 

17 

saturation and Curie temperature of NdCo_ would appear to make it 

5 

attractive for some magnetic applications. The relatively small anisotropy 

of Nd< 

42, 43 


constant of NdCo_ and the fact that it changes sign just below room tern- 
0 


perature ' have apparently discouraged development efforts with this 

44 

material. Tsui, Strnat, and Schweizer, however, have reported 
dramatic increases in the intrinsic coercive forces of NdCo. and DiCo_ 
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(Di = didymium, a commercial alloy composed principally of Nd and Pr 
in about a 3:1 ratio) by sintering these powders with Pr-rich and Sm-rich 
cobalt alloy sintering additives. The properties of the sintered magnets 
were observed to be very sensitive to composition and especially to 
sintering temperature. 

Sm- Co 

Tentative phase diagrams for the system Sm-Co have been pro¬ 
posed for the entire system by Buschow and Van der Goot, ^Figure 9, 
and by Lihl, et al , for the system between 60 and 100 at. % Co. 

There is generr.l agreement between these investigations as to the Co-rich 
phases that exist and whether the phases melt congruently or by peritectic 

reaction. The major differences are the melting temperature of Sm Co 
o o 2 17 

1335 C and 1375 C, and the peritectic temperature of SmCo , i075°C and 
o 2 

1050 C, respectively. Both indicate relatively wide high temperature 

solubility ranges for SmCo extending toward Sm.Co,, and for Sm Co 

2 17 2 17 

toward SmCo^ Reference 10 indicates the SmCo,. phase field extends from 

approximately 83. 0 to 85. 5 at. % Co just below the peritectic at 1320°C, 

but becomes quite narrow below 800 C. The lattice parameter data of 

45 

Martin, Benz, and Rockwood indicate the SmCo 5 phase field to extend 
from 83. 15 to 83. 65 at. % Co in alloys sintered for 1 hour at 1120°C, 
slowly cooled to 900^0, then rapidly cooled. Their density measurements 
suggest a slightly narrower range from 83. 30 to 83. 65 at. % Co. 

We have studied a number of Sm-Cc alloys by metallographic. 

X-ray diffraction, and differential thermal analysis. Some of our obser¬ 
vations are not in accord with the published diagrams and suggest 
s gnificant changes. We have concluded that Sm^Co forms by peritectic 
reaction at 1310 ± 5°C. The primary basis for this conclusion is shown 
in Figure 10. On heating a m^tallographically single phase Sm^Co ^ 
alloy, we observe an intense thermal event at 1310°C, and on cooling, 
what we interpret to be a liquidus above this l eaction at 1355°C. 


To account for this observation from either of the proposed phase dia¬ 
grams would require that a very substantial portion of the samarium 
initially present in our alloy was lost during a single heating cycle to 
1450°C. Both previous investigations concluded that a eutectic occurs 
between Sm^Co^ and Co near 90 at. % Co. If it is assumed that Sm^Co^ 
melts congruently, and the fact that a nearly single phase microstructure 
can be obtained directly from the melt. Figure 11a, would tend to support 
this assumption, then a eutectic between Sm Co and Co must occur; 

M 1 I 

and again, there is metallographic evidence to suggest that a eutectic 
may exist in this composition range. We have noted that alloys slightly 
Co-rich of Sm^Co^ stoichiometry have a eutectic-like microconstituent. 
Figure lib. This writer believes that these are non-equilibrium micro¬ 
structures resulting from the strong propensity of alloys in this compo¬ 
sition range to supercool well below the equilibrium solidification tem¬ 
perature of Sm^COj^. The observed microstructures result from the 
peculiarities of the mode of solidification of the supercooled alloys. The 
strong supercooling coupled with the very consistent temperature at which 
solidification initiates suggests that Sm Co _ is nucleated by a phase 

m 1 * 

richer in samarium. The formation of the nucleating phase (perhaps 
SmCo^) would result in a liquid strongly supersaturated with respect to 
cobalt, and a massive nucleation of excess cobalt could account for the 
observed eutectic-like microstructure. Our results indicate that the 
Sm^Co^ peritectic isotherm extends to 78-79 at. % Co. This inter¬ 
pretation would explain the previous investigators' observations of 
thermal events occurring at nearly the same temperature on either side 
of the stoichiometric Sm^Co^ composition, and also for the large (40°C) 
discrepancy of ihe suggested melting point of Sm Co . A discrepancy 
of this magnitude can be reconciled with a steeply rising liquidus and 

V 

small changes in composition. It is noted that our liquidus point at 1355°C 
is midway between the previous investigators' measurements. As shown 
in Figure 12, no liquidus is observed in alloys containing nominally 
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79 to 80 at. % Co, (corrected for Sm weight loss during arc melting). 

When such alloys, homogenized 48 hours at 1125°C, are initially heated 
in this range, thermal events are observed at 1234 ± 3 C and 1296 ± 3 C. 

On cooling from approximately 1400°C, there is strong supercooling to 
1280 ± 8°C, whereupon the samples reheat to 1310 ± 2 C. In subsequent 
heating cycles, the 1234 C event is not detected, but the 1296 C and an 
additional event at 1310°C, which vas not observed on the initial cycle, 
are noted. Only the 1310°C event, accompanied by the strong super¬ 
cooling, is observed for second and third cooling cycles. The standard 
deviations given for these observations reflect the precision of the appara¬ 
tus rather than the accuracy of our measurements. The probable accuracy 
of these data (not including the rather consistent point to which the alloys 
supercool) is ± 5°C. One is tempted to associate the vent at 1296°C with 
the peritectic melting temperature of SmCo^, but this and further inter¬ 
pretation without supporting measurements would only be speculative. 

From our preliminary studies, we have concluded that many 
important features of the Sm-Co phase diagram remain to be established. 
In order to understand the metallurgical and magnetic behavior of Sm-Co 
alloys during sintering, post-sintering heat treatments, and the aging 
characteristics of finished " SmCo " permanent magnets, these impor- 

D 

tant features must be accurately determined. 

Comments on the Stability of the RCo r Phases 

---- ' D 

46 

It has recently been reported that SmCo^ and GdCo,., and indeed 
all of the RCo. phases, become unstable on cooling, decomposing by 

the eutectoid reaction RCo -*> R Co, + R_Co,_. The eutectoid reactions 

D C l C 1 I 

are reported to occur near 600 C for R = La, Ce, Pr, and Nd and between 
700°C and 750°C for Sm, Gd, and Y. It is suggested that the reaction is 
connected with a coercivity loss in RCo powder compacts heated in this 

D 

range. The practical implications of these conclusions to the utilization 
of permanent magnets based on the RCOj. phases are significant and should 
be carefully tested. 
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The conclusions that the RCo^ phases of Y and the light rare 

earths La through Gd are unstable are based primarily on metallographic 

evidence. Initially single phase alloys, after annealing for long periods 

at low temperatures, are shown to have a lighter phase located along the 

grain boundaries and striations within the original RCo^ grains. The 

lighter phase is identified as the R^Co^ phase and its presence in the 

annealed alloys is confirmed by X-ray diffraction analysis. The striations 

are interpreted to be the R^Co^ phase but this phase is not observed in 

the X-ray diffraction patterns and no other tests to confirm its presence 

are reported. Thus, only one of the products of the proposed eutectoid 

decomposition is positively identified and the presence of the R^Co^ phase, 

$ 

which should exceed the amount of R^Co^ formed, is only surmised. 

This writer feels that an equally plausible explanation of the 
observed microstructures is that the initially single phase alloys are 
hyperstoichiometric with respect to cobalt and that the excess cobalt is 
precipitated as R Co when annealed at low temperatures. We have 

L If 

annealed an Y-Co alloy containing nominally 86. 5 at. % Co for long periods 
at various temperatures and obtained microstructures very similar to 
those shown to illustrate eutectoid decomposition. After 120 hours at 
1275°C we obtained a nearly single phase microstructure, but 42 days at 
900°C and 120 days at 535°C produced the microstructures shown in 
Figure 13a and 13b, respectively. The excess cobalt in the hyper- 
stoichiometric "YCOj." has precipitated as Y^Co^, both at the grain 
boundaries and within the grains of the original microstructure. X-Ray 
diffraction analysis confirms the presence of only YCo^. and Y^Co^ in 
the annealed alloys. 

^ 1 

Assuming that the composition of the RCo phase undergoing the 
eutectoid reaction is stoichiometric (83. 3 at. % Co), the fractional 
amounts of R Co (77. 8 at. % Co) and R^Co^ (89. 5 at. % Co) formed 
are given by the lever rule: 

„ _ 89.5-83.3 

R Z Co 7 = 89. 5-77. 8 x 100 = 53% 

R Z Co 17 = 89. 5-77.8 x 100 = 47% ' 
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We have shown that in the Ce-Co, Pr-Co, and Nd-Co alloy 


systems, the rare earth-rich phase adjacent to RCo has the stoichiometry 


16 


R^COj^. If CeCOj., PrCo^, or NdCo^ were to undergo a eutectoid 


reaction, one would expect the reaction products to be R Co (60%) and 

5 19 


^2^°17 (40%). We that this amount of R^Co^ should be easily 
detectable by several means. In a recent study, 49 we initially homogenized 
alloys of CeCo^, PrCo^, and NdCo^. at 1100 C for 30 hours to obtain single 
phase microstruccures, and then annealed them at 600°C for 420 hours to 
allow the reported eutectoid reactions to occur. We examined the alloys 
metallographically, by X-ray diffraction, and electron microprobe 
analysis and did not detect any evidence of decomposition of the RCo 

5 

phases. Differential thermal analysis showed only the Curie temperatures 
of the RCo^ phases on heating and cooling through the 300°C-700°C range. 
Finally, we examined the annealed CeCo 5 alloy by thermal magnetic 
analysis. Nothing was found in the TMA spectrum on cooling from room 


temperature to - 180 C. If more than a few percent of Ce Co (T - 0°C) 

o 19 c 


or Ce 2 Co 7 < T c = c ) were present, one would expect permeability 

peaks corresponding to one or the other of these magnetic transitions. 


In conclusion, our findings show that CeCo^ does not undergo a 
eutectoid decomposition and we observe no evidence of instability on the 
part of PrCo 5 or NdCo,.. We observed YCo^. to be present and apparently 
stable after annealing for 120 days at 535°C. Whether or nor SmCo 

5 

undergoes a eutectoid decomposition remains to be determined but the 
existence of one of the decomposition products, namely a phase rare 
earth-rich with respect to SmCo^, and coexisting with Sm^Co^ has not 
been established. 
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Figure 1. Phase Diagram for the Y-Co System Proposed 
by Strnat, Ostertag, Adams, and Olson. 
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Figure 2. Complex microstructure developed in an Y-Co alloys 

nominally YCo^ on annealing for 270 hours at 1100 C. The 
persistence of the as-cast microstructure can be observed. 
The alloy was prepared from yttrium containing approxi¬ 
mately 2000 ppm oxygen. The acicular phase in the grain 
boundaries and the Widmanstatten precipitate may be related 
to the high oxygen content. 
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Figure 3. Revised Phase Diagram for the La-Co Alloy System. The 
original version was described by Buschow and Velge. 
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Figure 7. Intrinsic Coercive Force, , as a Function of Sintering 

Temperature for PrCo 5 plus a C Pr-Co Sintering Additive. ^9 
The peak in corresponds to the temperature range 

between the Pr^Co^ and Pr^Co^ peritectic temperatures. 
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Figure 8. Phase Di igram for the System Nd-Co. ^ 
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Figure 9. Phase Diagram for the System Sm-Co Proposed by 
Fuschow and Van der Goot. 10 
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